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Nomenclature 
A 	cross sectional area of air cylinder 
A 	area of the fracture surface of a Charpy V - notch 
C 
specimen 
A' 	 adhesive' component acting along the interface 27 
a 	1/2 crack width opening of a generic section in plan view 
maximum a 
a' 	interface adhesion 27 
a 	angle of opening of a generic section 
maximum value of a 
a 	rake angle 27 
r 
b 	depth of burial referred to axis of pipe 
angle of sliding of soil particles to vertical 
translation angle of soil - structure interface 
with the horizontal 27 
Cb 	non - dimensional coefficient 	1, 
C 	energy absorbed by a Charpy V - notch specimen 
2/3 C 	energy absorbed by a 2/3 Charpy V - notch specimen 
c 	soil cohesion or soil adhesion 
- 	 ratio of specific heats of gas 
O 	pipe diameter 
Db 	backfill energy 
De 	elastic energy 
Df 	fracture energy 
Dg 	gas energy 
Dk 	kinetic energy 	 - 
Op 	plastic energy 
o 	soil interface friction angle 
E 	elastic modulus of pipe material 
tangent modulus of pipe material stress - strain curve 
at some level of plastic strain 
c 	R/t 
F 
	frictional resistance on periphery of model pipe 
VIII 
F 	inertial force offered by model pipe at some value
OL 
of acceleration 
FE 	additional force required to pull model pipe; otherwise 
known as flap restraining force 
half of difference in circumferential strain at a 
generic fractured pipe section 
G 	pipeline material absolute energy / unit area 
g 	acceleration due to gravity 
fl 	distance from the tangent point on a deformed 
section 	( fl = oLR - S 
H 	depth of backfill referred to top of pipe 
8 	 1/2 angle of crack opening from plan view 
angle between the direction of the major principal 
stress and x - axis 
so 
B 	d8 / dt 
L 	length of air cylinder 
Li 	 length of initial defect in pipeline  




non - dimensional coefficients of b and R respectively 
in the evaluation for I 
m 	polytropic index for the outlet end of air cylinder 
n 	polytropic index for the supply end of air cylinder 
E 	distance of a generic section from crack tip 
E 	length of pipe portion with deformed walls 
P 	passive force offered by a wedge of displaced soil 
P 	 outlet end pressure of air cylinder 	1 atmosphere 





instantaneous pressure in outlet and supply 
end of air cylinder respectively 
P 	 operating pressure of air cylinder 
P' 	frictional component acting at an angle 6 with 
the normal to the interface 27 
p 
a 	
arrest pressure level ( defined as the pressure at the 
tip of an arresting crack 
ix 
p IN 	
initial pipeline operating pressure 
p mean cross sectional pressure at a distance E 
M 
downstream of crack tip 
p 	rupture pressure level ( defined as the pressure in the 
r 
pipeline when rupture occurs 
p 	pressure distribution over the surface at a generic 
$ 
section at distance s round the circumference from the 
edge of the crack 
Pt 	
crack tip pressure, quite often denoted as decompressed 
pressure 
q 	unit weight of soil backfill = 
q 	surcharge 
S 
Q 	mass density of pipeline material 
M 
9 	mass density of soil 
a 
R 	mean radius of pipeline 
R 	radius of curvature of pipeline section 
C 
R 	reaction of -Failure plane 
R' 	soil resistance to an interface translating into it 27 
r 	coefficient of internal friction of soil 
tan tp 




Cr yield stress of pipeline material 
S 
0 , a 	horizontal and vertical stress acting 
x 	y 
on a 2 - dimensional soil element respectively 
0 	 shear stress acting on a 2 - dimensional element 
xy 
flow stress of the pipeline material ( material's 
yield strength + 10,000 psi 
S 	 distance from the crack edge on a deformed section 
(s=aR-q) 
S ' 	half thickness of pipeline ( t I 2 
t 	pipeline thickness 
t 	2/3 Charpy specimen thickness 
i,p 	non - dimensional ratio of ri / R 
u 	velocity of air cylinder's piston 
x 
V crack 	propagation velocity or axial fracture velocity 
v velocity of sound 	in 	air 
a 
V velocity of sound 	in gas 
9 
V plastic strain 	propagation velocity 
p 
V • 	V instantaneous volumes 	in supply and outlet end 
B C 
of air 	cylinder 
V acceleration of crack propagation C 	= 	dV / dt 
V maximum velocity of piston 
max 
V transverse velocity of a general 	point at a generic section 
V0 
: transverse velocity of the flaps of the fracture at 
a generic section 
* 
v velocity 	in 	the direction of 	13 
v acceleration 	in the direction of 	13 
W weight of a wedge of displaced soil slipping 	along 	a 
failure 	plane 	13 	to 	the vertical 
X component body force in x - direction 
x distance of piston from supply end of 	air 	cylinder 
x distance 	at 	which 	piston 	is 	initially clamped from 
supply end 
x distance from supply end at which piston has 
opt 
maximum velocity C V 
max 
x distance from suply end at which piston comes to a halt 
V component body force in y - direction 
z depth to bottom of interface 27 
Xi 
Abstract 
This research investigates the effects of soil restraint in 
inhibiting crack propagation in high pressure gas pipelines. Its 
significance may lead to lower toughness requirements for pipeline 
material and / or higher operating pressures. 
The effect on the surrounding soil of an established 
crack propagating along a pipe is similar to that which would be 
obtained by pulling a portion of fractured pipe ( with flaps ) through 
the soil. 
Reduced scale pipes, of different fractured shapes, were 
buried to different depths and pulled with a range of velocities and 
accelerations. 
Results 	from the 	investigations 	inferred 	that the 
theoretical backfill 	restraint aspect of a theory by researchers at the 
Universita di 	Genova 	and 	Centro 	Sperimeritale 	Metallurgico, 	based on 
simplifying assumptions made with respect 	to the 	failure mechanism of 
the 	surrounding 	soil 	and fractured 	pipe 	geometry, 	is 	limited and 
inadequate. 
The exclusive effect of each of the physical variables, 
such as depth of burial, velocity, acceleration and crack angle, were 
each isolated from their total combined effects. Each was found to 
have a distinguishable role. 
Xii 
Introduction 
In a high pressure gas transmission pipeline, a crack may 
propagate suddenly over a considerable length. Although this is a very 
rare occurence it could have disastrous consequences. Hence efforts 
are made to ensure that the pipe toughness is sufficient to prevent 
such propagation or to arrest it, if initiated, in a short distance. 
The effects 	of 	soil restraint, in 	inhibiting 	ductile 	crack 
propagation 	in gas 	pipelines, 	is a 	subject in 	which 	differences 	of 
opinion 	exist. The 	argument 	is not 	about its 	existence, 	for 	which 
there is unanimity, but its extent and the significance played 	by 	some 
of the physical variables; 	notably the depth of 	burial. 
Various researchers, notably those from the British Gas 
Corporation, Battelle Memorial Institute, Universita di Genova and 
Centro Sperimentale Metallurgico, have their own method Of quantifying 
its extent. 
In the British 	Gas 	theory, the energy 	supplied 	by 	the 
exhausting 	gas was equated to 	the sum of the 	energy dissipated 	as 
fracture energy at the crack tip 	and as kinetic energy on 	the 	flaps. 
The 	restraint provided 	by 	the 	backfill was deemed to restrict 	the 
deformation of the pipe 	such 	that 	it 	never exceeded a 'U' 	- 	 shape. 
The 	validity 	of this solution was judged by some 	results obtained 	at 
that time. 
Battelle Memorial Institute, on the other hand, based 
their studies on a statistical analysis of full - scale test data in 
which ductile fracture propagation had been investigated. 	The 
difference between buried and unburied pipelines is covered by using 
different constants in an empirical relationship for fracture velocity 
and hence pipe toughness requirement to arrest the fracture ). 
The Italian theory of Universita di Genova and Centro 
Sperimentale Metallurgico is that of a general energy balance along the 
lines adopted by the British Gas Corporation, but in greater detail. In 
this theory, some assumptions were made with respect to the failure 
mechanism of the surrounding backf ill and the fractured pipe 
geometry. A mathematical model was then constructed and the 
restraining effect of the backfill evaluated as energy dissipated into 
the soil; one of several energy terms at the expense of those supplied 
by the exhausting gas. The validity of this particular aspect of the 
theory was judged by the result of an energy balance with the other 
related processes normally associated with a ductile crack fracture. 
These other related processes are themselves often uncertain and 
embody unknown coefficients. 
Such methods of verification are, in the authors opinion, 
less than satisfactory; and for this reason, this research was initiated. 
It has two aims. 
The first is to verify the soil restraint aspect of the 
Italian theory on its own without any correlation with any of the 
other related processes normally associated with crack propagation. 
The second aim of this research is to study how some of 
the relevant physical variables ( depth of burial, velocity, acceleration 
and crack geometry ) contribute to the effects of soil restraint on 
crack propagation in gas pipelines. A technique was used whereby the 
effect of each of these physical variables was isolated successfully 
2 
from the overall effects. 
These two aims were achieved by pulling flared pipes with 
different crack geometry at high speeds through a bed of soil. 
3 
A Review of Ductile Crack Propagation in Pressurised Pipelines. 
2.0 Introduction 
Much of the research work done to date on high - 
pressure gas transmission pipeline has been towards the formulation of 
semi - empirical design criteria which may then be used to recommend 
safe operating pressure levels in existing pipelines or to specify new 
materials in the case of new installations. However, there still remains 
the possibility of a crack propagating over considerable distance along 
its length driven by the pressure of the enclosed gas if inadequate 
pipeline parameters are specified. 
Such a failure can be either a brittle or a ductile 
fracture. The former is of lesser concern as it is usually possible to 
exclude brittle materials in the manufacture of the pipelines. 
Nevertheless this subject will be discussed briefly in Section 2.1. 
In Section 2.2, ductile fractures which can be responsible 
for the destruction of long pipeline sections, as learnt during the 
years 1950 to 1960, will be discussed in considerable depth. 
Subsections 2.2.1. 2.2.2 and 2.2.3 deal respectively with its mode of 
deformation, the velocity of its occurrence and its measurement, and 
the gas pressure distribution on the inner walls of the fractured 
pipe. 
The effects of backfill surrounding the pipe will be 
discussed irl Section 2.3 with emphasis on the main theories of the 
British Gas Corporation, the Battelle Memorial Institute and the Italian 
researchers in the Universita di Genova and Centro Sperimentale 
Metallurgico. 
Section 2.4 deals with the effects of other environmental 
surroundings, in particular water backfill ( both shallow and deep ), 
frozen backfill and berm backfill. 
Finally in Section 2.5, the various formulations of semi - 
empirical design criteria by different researchers are discussed. These 
various formulations, often in different units, will be compared against 
each other in standardised units. 
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2.1 Brittle fracture in brief 
Brittle fracture in steel pipes propagates axially at 
fracture velocities ranging from approximately 450 m/s to 910 rn/s 
(Maxey, 1979) and exhibits a tendency to follow a sinusoidal path in 
the axial direction of the pipe. These brittle fracture velocities are 
in excess of the gas decompression velocity ( 410 rn/s for natural gas 
and hence in the case of gas pipelines, no decompression ahead of 
the crack tip occurs. However, most liquids have decompression 
velocities greater than the fracture velocities and hence in these 
cases decompression ahead of the crack tip does occur. A brittle 
fracture gives a much greater rate of energy release than a ductile 
fracture. 
In the vicinity and preceding the crack tip, there is 
little noticeable deflection of the pipe. From high speed photographic 
studies (Maxey. 1979). any of the appreciable deflection of the 
cracked sinusoidally fractured plates is at least one pipe diameter or 
more downstream of the crack tip. Figure 2.1 is a photograph of a 
brittle fracture, showing its sinusoidal fracture pattern, arrested by a 
ductile pipe. 
' 	'I / 
- 
( Fearnehough 1974 
Figure 2.1 Arrest of brittle fracture by ductile pipe 
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2.2 Mechanism of ductile fracture 
Ductile ( shear ) fracture propagates at fracture velocities 
ranging from about 90 rn/s to about 365 rn/s (Maxey, 1979) exhibiting 
a high degree of directional stability in the axial direction. 
However, two other less commonly observed crack path 
patterns may 	sometimes 	occur: the 	circumferential 	crack 	which 
propagates around 	the 	pipe 	in 	a transverse 	plane 	( 	 both brittle 	and 
ductile 	); and 	the 	helical 	crack. The 	former, 	because 	of its 	finite 
length 	and restricted 	spatial 	movement, 	is 	the 	simplest to 	analyse 
whereas the latter 	is 	theoretically unlimited 	in 	its 	length 	of extension. 
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Ductile fracture velocities are within the decompression 
velocities of the gas or contained fluid and inevitably decompression 
ahead of the crack tip does occur to a level determined by the 
fracture velocity and the initial rupture pressure level. The fracture 
surface is usually slant with a reduction in thickness and is mainly the 
result of tensile forces normal to the crack. Large deflections are 
associated with ductile fractures. Figure 2.2 shows a ductile fracture 
propagation and arrest. Note the scalloped fracture edges. 
Figure 2.2 Ductile fracture propagation and arrest 
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2.2.1 Mode of deformation 
A ductile fracture, although within the decompression 
velocities of most fluids, is still a very rapid event. Detailed studies 
regarding the mode of deformation which occurs during a ductile 
fracture have been done by many researchers and their works 
published. 
Studies by Shannon and Wells (1974) 
In their studies, Shannon and Wells used model pipes and 
no backfill. By performing a series of tests using aluminium and steel 
pipes coated with a thin layer of white chlorinated rubber paint to 
provide a highly reflective semi - matt surface followed by drawing 
fine grid lines on the periphery, and with the aid of high - speed 
photography, the transverse displacement of the -Fracture face and 
the crack tip behaviour were recorded. 
A film speed of up to 10,000 frames per second was 
possible with their equipment. Each photograph represents the 
position of a transverse section of the fractured pipe, and when 
coupled with a knowledge of the crack tip position allows the 
construction of a three dimensional picture of the deformation. From 
the study of these, they conclude that the crack moves in a 
direction parallel to the pipe axis to form two flaps. The pipe wall 
is slightly distorted to an oval cross section immediately ahead of the 
crack whilst the edges of the crack in plan view are almost straight 
and meet at a finite angle at the tip. However, it is not 
unreasonable to assume that the edges are straight and that the 
shape of the crack is determined by the angle between each edge 
and the pipe axis. 
Figure 2.2.1 (a) shows the transverse profiles during passage 
of a shear fracture whilst Figure 2.2.1 (b) shows a plan view of the 




Shannon I Wells, 1974 
Figure 2.2.1 (a) Transverse profile of a fracturing pipe 
Upstream 	 Downstream 
46 
Shannon & W.II., 1974 
Figure 2.2.1 (b) Plan view of a fracturing pipe with linearised 
approximation 
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Studies by Ives. Shoemaker and McCartney (1974) 
Instead of using model pipes without backfill, full - scale 
pipes were laid on the ground and covered with soil. From their 
findings based on over 150 recordings from transducers installed in 
several line - pipe tests performed under an AISI contract, they 
conclude that at a location many pipe diameters upstream of the 
crack tip there is a reduction in the circumferential strain in 
proportion to the local gas decompression. However, there is a 
continuous increase in the longitudinal strain brought about by the 
opening of the flaps of the pipe behind the crack tip. Nearer to 
the crack tip at two pipe diameters away, the pipe cross section 
becomes an ovate section due to the downward reactive thrust of 
the escaping gas. And finally, the tensile straining caused by the 
circumferential and radial displacement of the flaps behind the crack 
tip forces the crack to open further. 
In their studies, a flaw of about 18" (46 cm) in length 
was machined along the horizontal pipe axis on the top of each pipe 
specimen to initiate fracture. Figures 2.2.1 (c), 2.2.1 (d) and 2.2.1 (e) 
attempt to depict the sequence of events during initiation. 
Figure 2.2.1 
Initiation area before rupture 
Initiation area with crack of 1 D 
total length 
IMMOV~ 00MM"mms (e) Initiation area with crack of I.  D 
total length 
30 
(Ives at al, 1974) 
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Figure 2.2.1 (d) shows the geometrical configuration of 
the pipe when the crack has propagated to a length of about its 
own diameter. Some bulging occurs, but its stiffness as a structure 
limit the outward displacement behind each of the two crack tips. 
In Figure 2.2.1 (e), the fracture length is approaching 
four times the diameter of the pipe and the influence of the crack 
tips on each other is minimal because they are now far enough apart. 
The gas pressure then forces the steel flaps outward to a position 
that remains essentially constant during the crack propagation if 
constant velocity is maintained. Thus when viewed from a frame of 
reference moving along with the crack, a stable geometrical 
configuration of the crack is observed. The pipe cross section ahead 
of the crack tip assumes an oval shape with the major axis horizontal, 
brought about by the outward acceleration ( circumferentially and 
radially ) of the flaps behind the crack tip and the downward thrust 
of the escaping gas. 
Another accompanying phenomenon observed by Ives, 
Shoemaker and McCartney is a general downward motion of the pipe in 
the initiation area. This is believed to have been caused by the 
thrust of the escaping gas. 
Studies by Bonomo et al (1980). Bra ante et al (1981) 
Both studies used identical techniques for full scale pipes 
laid in a trench and backfilled. Instead of using high - speed 
photographic techniques, pairs of strain gauges were installed for each 
measuring point. From a method developed by them, an approximation 
of local pipe deformations, including curvature values, is possible from 
signals given out by these strain gauges. 
At each measuring point, two pairs of strain gauges are 
installed; a third is generally included to detect the longitudinal 
12 
deformation. The first pair of strain gauges ( one strain gauge on 
the external surface of the pipe and the other on the internal 
surface ) is installed circumferentially, and the difference in 
circumferential strain detected by them gives the variation in radius 
curvature at the measure point calculated as: 
R 	 s'R 
C 
( R + S' ) + 5' 
where: 
R 	radius of curvature at the instant 
C 
corresponding to some value of 
R = initial mean radius of the pipe section 
s' = half thickness of pipe 
= half of difference in circumferential strain 
Intermediate values of R at points along the semi - 
circumference are then derived by interpolation from which the shape 
of the cross section can be constructed. The facility by which this is 
acccomplished is by assuming the original length of the semi - 
circumference to remain unchanged and associating a dissimilar mean 
radius of curvature. 
Accompanied with a knowledge Of the crack propagation 
speed from installation of timing wires, the change in shape of the 
cross section during the fracture process can be created. 
The second pair of strain gauges measure the mean 
deformation value in the circumferential direction, presumably by using 
the average value of the circumferential strains, whilst, as already 
mentioned, the third pair measure the longitudinal deformation value. 
Figure 2.2.1 (f) shows the shape evolution of a typical 
section during a fracture process. Note the close agreement with that 
depicted in Figure 2.2.1 (a) (Shannon and Wells, 1974). 
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At this juncture, it must be emphasized that other 
researchers too have made substantial contributions to the study of 
the mode of a ductile fracture propagation. 
A simple analytical model was developed by Emery et al 
(1981) which idealised the pipe as a series of rings. Those rings 
behind the crack tip are split and those ahead are whole. The rings 
may be assumed to deform independently of each other in moderately 
thick pipes as the wall shear stress is generally small. 
From a known or assumed fluid pressure time history, the 
development of the opening of the ring immediately behind the crack 
tip can be computed. Once the opening displacement of the ring 
located immediately behind the crack tip is known, then the crack 
extension can be computed by a suitable fracture criterion 
relationship. C The fracture criteria are stated to be different for 
different pipe materials and perhaps even different pressure histories. 
The computed crack extension speeds and openings were 
compared with measured data and good agreement was claimed. 
This, however, was for non - backfilled pipes only. It is 
not certain how backfill, whose presence is deemed to slow down 
leakage of the fluid, would affect the fluid pressure time history; 
thus affecting the crack extension speeds and openings. Maxey 36 
reported that the ductile fracture velocity on a non - backfilled pipe 
is on the average 38Z higher than it is in the case of a back-filled 
pipe. Also the final shape of a buried pipe is 'U . - shaped whereas 
an un - buried pipe is plate like. - 
14 
(Bramant. et al, 1981 )l  
Figure 2.2.1 (f) Shape evolution of a cross - section 
during a fracture process 
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2.2.2 Ductile crack propagation velocity: its measurement and 
prediction 
36 
According to a review by Maxey (197 9 ) the velocity of 
ductile crack propagation in pressurised pipelines is about 387 higher 
in the absence of backfill. Increasing the depth of cover from 3 
inches to 10 feet seems to make no difference, but there is 
however, a dramatic effect between 3 inches of cover and no backfill. 
This correlation between backfill and the crack propagation velocity 
was developed by Battelle Memorial Institute 36 on the A.G.A NG-18 
program based on several full scale experiments conducted to 
examine the effect of backfill on the crack propagation velocity at 
Athens, Ohio. 
It can be said that most experimental works in this 
particular field of research, both model and full scale, have been 
aimed primarily towards the measurement of crack propagation speeds 
30 
and the study of its deformation mode C Ives et a), etc ). 
In general, fine wires with sufficient ductility so that 
fracture occurs only after large amount of plastic straining, are 
attached at regular intervals extending through an arc of t 900 
(Shannon & Wells, 1974; Bramante et a), 1981; Sugie et al, 1982) from 
the anticipated path of the crack. These wires are connected to a 
resistance network designed to produce a "staircase" voltage output as 
successive wires are severed. The average crack tip speed can then 
be computed if the distance between these timing wires and the 
voltage time record of the network output are known. 
The 	first attempt 	at 	predicting 	ductile 	fracture 
velocities, for 	both 	backfilled 	and 	non 	- 	 back-Filled conditions, 	was 
done 	by 
35 
Maxey 	(1974). His 	concept 	was 	that 	the 	ductile 	fracture 
velocity is 	dependent 	on the 	level 	of 	plastic 	strain ahead 	of 	the 
fracture, which 	in 	turn can 	only 	propagate 	as 	fast as 	the 	plastic 
waves. 	This 	plastic 	strain propagation, 	V. 	at a certain level 	of 	plastic 
16 





E 	= tangent modulus of the pipe material stress-strain 
curve at the particular level of plastic strain 
P 	= mass density of the pipe material 
Maxey also assumed that if the gauge length of a small 
piece of the pipe material is known, then its characteristic strain 
level and its correlations with its log secant equation (Goodier & Field, 
1963) can be found. 
With some manipulations of the various terms, coupled with 
full - scale experimental results, an empirical relationship is obtained 
as: 
1 
V = constant 	_____ 	 1 6 
in ft/sec 	- 	 jC/A 	L P - J 
where: 	 - 
a = flow stress of the pipe material ( yield strength 
+ 10,000 psi ) in psi 
C 	= shelf energy in in - lb of a Charby V - notch specimen 
A 	= area of the fracture surface of a Charpy V - notch 
specimen in in  
Pt = decompressed pressure C often denoted as crack tip 
pressure 
= arrest pressure level ( defined as the pressure level 
at the tip of an arresting crack ). From Eiber's 
relationship (1969). P a = 297 of initial pipe - line 
pressure if the ratio of specific heats of the 
gas, •y ,  is 1.4 
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Based on 40 actual full - scale pipeline tests conducted 
in Athens, Ohio. Maxey concluded that the value of the constant is 
0.470 for 30 inches of soil or sand backfill and 0.648 for no backfill 
and sidefill. A few pipes were deliberately filled to 3 inches and 120 
inches. but they all fell within the scatterband of the 30 inches 
backfill data. 
4? INCH 07AM6164 








0-  76 	 27 
30 
_. 10. _.. ( Ives et al, 1974 
Figure 2.2.2 (a) A typical crack speed result 
Figure 2.2.2 (a) reproduced from Reference 30 illustrates 
a typical crack speed result. 
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Popelar, Rosenfield and Kanninen (1977) 42 predicted crack 
speeds both in non - back-Filled and backfifled pipes by considering a 
theoretical model of steady state crack propagation. With some 
exceptions, the overall agreement was generally good when the 
predicted crack speeds were compared with crack speeds measured in 
full - scale tests. They approached the problem by equating the 
dynamic energy release rate to the energy absorption rate for 
steady state conditions. The dynamic energy release rate is a function 
of the crack speed, the geometrical and mechanical properties of the 
pipeline, its operating conditions and the contribution due to backfill 
as the case may be whilst the energy absorption rate is a function of 
the fracture toughness of the pipeline material. In this case, the 
energy absorption rate was approximated by the energy absorbed in a 
drop weight tear test ( DWTT ) in view of the current lack of a 
reliable laboratory test to measure the fracture toughness of the 
material. 
19 
2.2.3 Pressure on the internal face of the fracture 
Alder (1974) examined the pressure distribution on the 
internal face of the fracture over which the gas is discharged into 
the surrounding atmosphere. Knowledge of this pressure distribution is 
essential to the studies of ductile fracture propagation. 
In 	his 	study 	of 	the subject, Alder considered 	an 
established 	crack 	propagating 	at 	a constant velocity less 	than 	the 
velocity 	of 	sound 	in 	the 	undisturbed gas 	along a 	long, straight 	pipe. 
This 	assumption 	is 	now 	generally accepted as 	valid 	for 	ductile 
fractures. 	Furthermore, the effects caused by the 	reflection of 	the 
pressure 	waves 	from 	the 	far 	end of 	the 	pipe and the 	transient 
effects 	normally 	associated 	with 	the initiation of 	the fracture were 
not considered. 
The pressure decay from the initial pipeline pressure to 
atmospheric pressure can be divided into two phases. The first phase, 
called the "decompression" phase starts when the rarefaction wave in 
the gas ( caused by the initiation of the fracture ) arrives at the 
point of observation. The leading edge of the rarefaction wave 
propagates at the speed Of sound. A rapid drop of pressure then 
occurs to its "decompressed" value which remains virtually 
constant until the crack tip has passed. The relationship between the 
initial pipeline pressure and the decompressed pressure, often denoted 
as crack tip pressure, (Eiber, 1969) is now well understood and is 
given by: 




Pt = decompressed or crack tip pressure 
IN 	
= 	initial pipeline pressure 
V velocity of crack propagation 
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V 	= velocity of sound in the undisturbed gas 
- 	= ratio of specific heats of the gas 
At 	this 	juncture, it 	must 	be pointed 	out 	that 	the 
pressure at 	the 	crack 	tip would 	only 	equal the 	"decompressed" 
pressure under 	ideal 	conditions. Distortion 	in the 	pipe wall 	immediately 
ahead 	of the 	crack tip 	to an ovate section means that the boundary 
between the 	two phases 	lies at 	the section of minimum 	cross section. 
Hence 	the 	actual 	crack 	tip pressure is 	not 	equal 	to 	the 
"decompressed" pressure, 	but throughout 	this thesis, 	they 	will 	be 
taken as one and the same. 
When 	the 	crack 	tip passes through 	the 	point 	of 
observation, the 	"decompression" 	phase ends and 	the 	second 	phase, 
called 	the "discharge" 	phase, 	begins. During the 	"discharge" 	phase, 	the 
gas 	starts to 	expand 	through 	the crack and 	into 	the 	atmosphere 
resulting 	in a 	drop 	of 	pressure from the 	"decompressed" 	to 
atmospheric pressure. 
It is in this "discharge" phase that Alder (1974) made 
some contributions. The problem was studied theoretically using the 
equations of steady gas dynamics through a stationary crack and then 
compared with results of steady gas flow through static models. This 
is a valid assumption because from a point of observation, the 
pressure is a function of time once the "discharge" phase begins. And 
since the time scale can be converted to a distance scale ( knowing 
the velocity of the crack propagation ) the pressure distribution can 
be expressed as a function of the distance behind the crack tip, 
that is to say, when viewed from a frame of reference moving with 
the crack tip, a steady flow of gas through a stationary crack is 
observed with a steady variation of pressure distribution behind the 
crack tip. 
Two very useful expressions were derived and proved. The 
first is: 
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Pm = p t  exp [_( 0.73 + 0.70y ) E 	tan 8 ] 
2R 
where: 
= mean cross sectional pressure at a distance E 
downstream of the crack tip 
8 = 1/2 angle Of crack opening 
R = radius of the pipeline 
K = a coefficient taken as equal to 0.6 if deduced from the 
theory of choked discharge through a slit and taken as 
equal to 0.75 if more reasonable agreement to experimental 
results are required 
Pt and E are as defined earlier. 
The second expression is: 
p 	= 	( 1.04-0.0328 ) + 4 C 0.0328-0.04 ).2S - 
	2 
p 	 3 	 LirR 	irR 
M 
where: 
p 	= pressure distribution over the surface of the pipe 
wall at a distances round the circumference from the 
edge of the crack 
P , 8 and R are as defined earlier. 
M 
In the derivation of the last two equations, Alder had 
assumed an isentropic, one - dimensional, constant area and axial flow 
in the breach zone dominated by axial acceleration with choking at 
the plane of the crack tip and through the breach. In practice 
however, this ( choked leakage flow ) is only likely to occur close to 
the crack tip because the crack width downstream is no longer small 
compared with the pipe diameter. To investigate the effects of a 
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wider crack width, Parks and Freund (197 
8) 
 modelled, the pipe as 
having a square cross section with the top completely open 
downstream of the crack tip position. The flow in this case is no 
longer one dimensional and was treated as a steady two - dimensional 
flow. 
Despite their quite different assumptions, Parks and 
Freunds predicted pressure - time curve is virtually identical to that 
of Alder's. Baum (1982) investigated the matter further realising Alder 
I Parks and Freund's inherent assumption that the whole fow through 
the pipe cross section is instantaneously aware of the arrival of the 
crack. In practice, a finite time is required for the pressure 
disturbance, indicating the presence of the crack, to influence the 
flow. In Baum's alternative model to avoid the deficiency of Alder I 
Parks and Freund's solutions, the transverse acceleration caused by the 
crack's arrival is assumed to be the dominant process. This transverse 
acceleration is communicated to the gas within the pipe by a 
rarefaction wave across the flow. 
PREDICTED RAREFACTION TRANSIENT 
AHEAD OF THE BREACH. 
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Figure 2.2.3 (a) Comparison of 
the predicted and measured 
depressurization within the 
breach at 12 R from centre 
of defect 
Li= 2R. P 1 = 86 bar) 
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Figure 2.2.3 (a) shows a comparison of Baum's predicted 
and measured rarefaction transients at 12R from the centre of the 
defect ( Li = 2R, Pr = 86 bar ) using a crack velocity of 230 rn/s. 
It can be seen that Alder / Parks and Freur'td's pressure - time curve 
has a higher depressurisation rate than that observed which tends to 
develop more gradually. Baum's transverse wave model gives a better 
approximation to the observed transient. 
Before Parks and Freund's attempt to investigate the 
effects of a wider crack width on Alder's model, Abou-Sayed and 
Freund (1976) . arrived at a relationship between the pressure 
distribution and the pipe deformation by assuming the gas to be ideal 
with constant specific heats and the flow isentropic and adiabatic, 
However, 	Alder's, 	Parks 	and 	Freunds. 	Baum's 	and 
Abou-Sayed and Freund's works are all based entirely on the absence 
of backf ill or sidef ill the presence of which is commonly believed to reduce 
the dissipation of the gas within the vicinity of the crack tip into 
the atmosphere or to postpone any significant leakage to a point well 
behind the crack tip (Popelar et al, 1977). 
Other researche'rs, in the course of formulating their semi 
- empirical design criteria, (Maxey et al, 1971; Maxey, 1979; Poynton et 
al, 1974; Popelar, 1977; Alpa et al, 1979;. Bonomo et al, 1980 and Sugie 
et al, 1982) have also considered the pressure decay behind the crack 
tip. One approach in common amongst their work is tht this gas 
pressure is utilised to provide for some or all of the following: the 
kinetic energy requirement for continued crack growth, the work done 
on deforming the pipe walls, the inertia of the deforming walls, large 
scale plastic deformation behind the crack tip and the constraint 
exerted by the surrounding soil, and in some cases, even allow for a 
quantity of gas leakage. 
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2.3 The effects of backfill on brittle and ductile fractures 
In general, 	the main effect of backfill 	is 	believed 	to 	be 
from the added inertial 	mass in contact with the pipe walls which 	can 
be 	manifested as 	a 	strong restraint 	to its 	deformation. 	In 	the 
presence 	of 	backfill, 	a 	given force on the flaps will 	produce 	a 	tower 
acceleration on the flaps and consequently a tower crack driving force. 
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2.3.1 	On brittle fractures briefly 
Backfill is not expected to exhibit any significant role on 
brittle fractures as there is little pipe deformation or expansion in 
the vicinity of the crack tip. One full - scale experiment 36 was 
conducted in Athens, Ohio, to examine and prove this expectation. 
However, a slight indication of an adverse effect results, but the 
overall conclusion is still that there is no effect of backfill on 
brittle fracture propagation or arrest. The reason may lie in the 
fact that the flap and soil movements take place too far downstream 
of the crack tip to be able to influence its behaviour. Therefore, 
little or no difference can be expected and indeed the backfill can 
be water, sand, clay or materials removed from the trench. Little or 
no difference will be noted. 
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2.3.2 On ductile fractures 
In comparison to a pipeline that is not buried, backfill 
tends to reduce both the leakage of gas and the crack - opening 
displacement in the neighbourhood of the crack tip. There is nothing 
to prevent the escape of the gas or to restrain the flaps in the 
absence of backfill. Many experiments have been conducted to examine 
the effects of backfill on ductile crack propagation in pressurised 
pipelines and in particular its effect on the fracture velocity has 
been demonstrated to be significant many times. As discussed in 
Subsection 2.2.2, the ductile fracture velocity on a non - backfilled 
pipe is on the average 38Z higher than it is in the case of a 
backfilled pipe. After fracture the final shape of a buried pipe is U 
- shaped whereas a pipe constructed on top of the ground becomes 
plate like. 
Uniform sand backfill or simply clay removed from the 
trench seems to exhibit no difference as found from an AISI 2 
experiment in which 2 feet of clay was compared with 2 feet of 
sand cover. There is however at the moment a controversy as to 
whether the depth of backfill will have any further effect. Maxey 
(1974) 
35 
 no difference between 3 inches and 10 feet of cover. 
This observation however seems to be in direct conflict with a later 
4 
theory proposed by Alpa et al (1980) in which the degree of restraint 
is a function of the depth of burial as will be discussed in further 
detail later. 
In 1974, Shoemaker and McCartney 48reported that results 
from their full - scale tests indicate a pipe toughness level of more 
than twice to arrest a running shear fracture in a non - backfilled 
pipe than in the case of a backfilled pipe. How much more than 
twice this amount was not determined. While admitting that the 
effects of backfill on running shear fractures are many, Shoemaker 
and McCartney are of the opinion that the mass and pressure exerted 
by the backfill have very little to do with the upward radial 
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displacement of the flaps immediately behind the crack tip. Their 
argument for the case is as the pipe becomes oval in advance of the 
crack tip, the top of the pipe moves downwards and is no longer in 
contact with the backfill above. Ahead of the crack tip where the 
pipe starts to become oval, the backfill will, however, tend to resist 
the outward horizontal increase in diameter. Nonetheless, its presence 
will impose a force on the flaps behind the crack to oppose the gas 
- pressure loading on the inside, therefore resulting in a significant 
decrease of the crack driving force. 
Attempts to study the effect Of backfill theoretically 
have been done by British Gas, Battelle Memorial Institute and the 
Italian research engineers in the Universita di Genova and Centro 
Sperimentale Metallurgico, and their works will be discussed in the 
next few pages. 
Studies by the British Gas Corporation 
40 i 
A later theoretical analysis by Poynton n 1974 differs 
from earlier versions of the theory in that the restraining effect of 
the backfill was included. Assuming a constant crack propagation 
velocity, the energy supplied by the exhausting gas pressure is 
equated to the sum of those dissipated as fracture energy at the 
crack tip and those as kinetic energy on the flaps. 
Functional 	relationships for 	each 	energy term 	are 
established with some understanding and simplification of these three 
associated processes:- 
- 	gaseous decompression, and the resulting pressure loading 
at and behind the crack tip 
- 	the deformation of the cracked pipe wall 
- 	ductile fracture extension 
The first, that is gaseous decompression, and the resulting 
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pressure loading at and behind the crack tip has already been 
discussed in Subsection 2.2.3. As to the deformation of the cracked 
pipe wall, much of it too has already been discussed in Subsection 
2.2.1 for the case of a non - backfilled pipe. In the case of a 
backfilled pipe, its effect is deemed to restrict the deformation such 
that it never exceeds a 'U' - shape. In other words, the maximum 
transverse displacement of the fracture edge is more or less equal to 
the pipe diameter. Where this maximum transverse displacement of 
the fracture edge occurs is also taken to be the end of the 
effective crack length. As the resistance of a material to shear 
fracture, there is not yet a simple test which can directly measure 
this parameter. Thus the Charpy test is adopted, and the upper shelf 
energy taken as the appropriate measure. In this British Gas 
Corporation's study, the absolute shear fracture energy is estimated 
as: 
G 	= 	K 4 C (t/t )U.5 
v 	c 
where: 
G = material absolute fracture energy / unit area 
C 	= material Charpy shelf energy / unit area 
t 	pipe thickness 
t 	= 2/3 Charpy specimen thickness 
K4 = a correlation factor > 1 
Dg, Df. Dk = gas, fracture, and kinetic energies respectively 
The gas energy term, dDg/dt, is obtained by integrating 
over the effective crack length as, 
dDg= 	K5R2PV 
dt 
The fracture energy at the crack tip 	functional 
relationship is established as, 
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dD-F' 	= 	K C ,t! t  
4 V 
dt 	 i.t I 
C 
Lastly, the kinetic energy is evaluated at the cross 
section where maximum deformation occurs as, 
dDk 	= 	kRV 2 P 	
1.5
tE 	t  
dt 
where: 
R = pipe radius 
E = R/t 
V 	axial fracture velocity 
Pt = pressure and crack tip 
Ct, t are as defined earlier and K • K and K are 
v 	c 	 4 	6 	7 
constants of proportionality. 
Substituting dDg, dDf and dDk into 
dt 	dt 	dt 
aDg = dDf + dDk and re - arranging yields: 
dt 	dt 	dt 
	
P ER 	
K 8 P t 
s
1.5 RV 2 
t  
+ K C ( t / t 
)O.5 
9 v 	 c 
where: 
= 	K7 I K 6 
K 	 K  
9 4 	6 
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Further re - arranging will result in a linear relationship 
linking two parametric groups: 
PcR 	 x8 Pt e 	RV 	+ 
1.5 	2\ 
)° 	 C ( t/t )0.5 
V 	 C 	 V 	 C 
The validity of this theoretical solution was then judged 
by the results of sixteen sets of data available at that time (1974). 
Please see Figure 2.3.2 (a) reproduced from Figure 9 of Reference 40. 
Pt c R 
	= 	1.153 x 	 Pt 1.5 R V2 
C ( t/t )O.5 
	
+ 625 
C ( t/t )05 
It was claimed that this fit to a straight line was very 
good and that it should give confidence in the treatment of the 
related processes of gaseous decompression, pipe deformation and 
shear resistance. More importantly, it substantiates the philosophy of 
a balance between the gas, kinetic and fracture energies. 
This theory however, does not take into account the 
inertia and resistance of the soil to plastic deformation during the 
flap opening process. The soil is assumed to provide no restraint until 
the pipe cross section becomes U - shaped and then the soil 
resistance suddenly becomes infinite. The inertia and resistance of the 
soil to plastic deformation should be taken into account throughout 
the flap - opening process (Christie, 198 
2)16 
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Figure 2.3.2 (a) Application of constant velocity propagation 
results to analysis 
Studies by Battelle Memorial Institute & Ohio State University 
Based 	on 	experimental 	observations of 	a 	series 	of full 	- 
scale experiments conducted on pipe sizes from 
and 	small 	- 	scale 	laboratory 	fracture 	tests, 
16 	inches to 48 inches 
Maxey et 	al (1974) 
developed an empirical correlation between them 
transmission 	pipelines. 	The 	approach 	is 	semi 	- 
for the design of gas 
on 	a 	statistical 	analysis 	of 	the 	full 	- 	scale 	test 
empirical and 	is based 
data in which ductile 
fracture propagation has been investigated. 
Three main processes have been brought together to show 
how small - scale fracture test data can be used to predict fracture 
behaviour. The first process involved is the decompression of the gas 
and the approach adopted is that discussed in Subsection 2.2.3, i.e 
Pt 	
2 




+ I- I- 
/  (Eiber, 1969) 
If y,  the ratio of specific heats of the gas is taken as 
equal to 1.4 ( for natural gas ), then 
P t 	 IN 




As defined earlier, 
Pt = decompressed or crack tip pressure 
p IN
= initial pipeline pressure 
V 	velocity of crack propagation 
V = velocity of sound in the undisturbed gas 
Utilising the decompression phenomenon as described, Maxey 
et al (1974) 35 then proceed to show how the fracture arrest stress 
level can be determined if the Charpy V - notch plateau energy, the 
material's yield strength and the pipe geometry are known. 
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By plotting the ordinates as 100 Pt I 	and the abscissa 
as C E i a2 J 	t , here termed as the normalised toughness 
parameter, it was possible to draw a boundary between the propagate 
zone and the arrest zone as depicted in Figure 2.3.2 W. 
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Figure 2.3.2 (b) Determination of the arrest stress level 
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C 	= Charpy V upper plateau energy 	in-lb/in2 
unbroken cross sectional area 
beneath the Charpy notch 
E = 	Elastic modulus of the material in p.s.i 
5 	= 	( Material's yield strength + 1000 ) in p.s.i 
P = Radius of the pipe in inches 
t = Wall thickness of the pipe in inches. 
the decompressed pressure level ( otherwise known as 
the crack tip pressure ) was either measured directly or determined 
from the measured fracture velocity using Eiber's gas decompression 
equation. In the case of a fracture arrest, V is assumed to be zero 
and hence the decompressed pressure level is taken as 297. of the 
initial operating pressure level, 
The boundary curve separating the 'propagate zone' and 
the 'arrest zone' has the formula 
	
C E 24 	In sec ii 3.33 a 
a 
o2jRt 	 -- 	
] 
where a is the decompressed stress level at arrest termed the 
a 
arrest stress level, or simply the hoop stress in the pipeline material 
at arrest. 
It is the prediction of this arrest level, 0 , which the 
a 
second 	process 	is 	all about. The 	third process 	involves 	a 	relationship, 
again 	based 	on 	a statistical analysis 	of full 	- 	 scale test data, 	between 
the 	decompressed stress level 	and the 	velocity 	of 	the 	crack 
propagation. 	Figure 2.3.2 	(c) reproduced from Reference 38 shows the 
empirical 	relationship between 	velocity of 	crack 	propagation 	and 	the 
35 
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pa = arrest pressure level which is simply the product 
Of 0 and the t/R ratio. 
V, a, C and 
Pt 
 are as defined earlier. 
The value of the constant is 0.470 for approximately 30 
inches of unspecified backfill and 0.668 for no backfill or sidefill. The 
depth of backfill was believed to be unimportant. 
Figure 2.3.2 (c) Ductile fracture velocity correlation 
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In 	1976, Kanninen et 	al
31 
 developed 	a theoretical 	model for 
steady 	- state 	crack propagation 	in 	pressurised 	pipelines 	using 	a 
simplified dynamic 	- shell 	representation. 	The 	axial 	variation 	in the 
pressure exerted 	by the gas on 	the pipe walls was determined 	by gas 
dynamics treatment. A 	plastic hinge 	was 	also 	incorporated 	behind the 
crack 	tip. The effect of backfill however, was not allowed 	for. 
A 	year 	later, 
42 
Popelar 	et 	al 	extended this 	work by 
including 	the effect 	of 	backfill as 	a 	distribution 	of 	springs 	( 	 as in 	a 
Winkler 	foundation 	) surrounding 	the 	pipe from 	the 	crack 	tip to the 
cross 	section 	at 	which 	the plastic 	hinge 	forms. 	It is 	also 	assumed 
that 	significant 	leakage 	and decompression 	of the gas can 	only occur 
after 	the expulsion 	of soil particles 	that 	are 	initially in contact with 
the 	crack 	to 	ground 	level. The 	distance, 	d, 	behind the 	crack tip 
where significant gas leakage occurs was estimated as: 
.5 






H = depth of backfill referred to top of pipe 
V = crack propagation velocity 
= density of soil particles 
p IN = initial pipeline pressure 
In the derivation of the above equation, intergranular 
shear stresses between the soil particles were neglected. The above 
equation also infers that significant expulsion of the backfill and 
hence leakage of the gas occurs at a distance well behind the crack 
tip for typical crack speeds, gas pressures and soil densities. That is 
to say the gas pressure is everywhere constant up to a cross section 
well behind the crack tip. 
The numerical solutions given by Popelar et al also suggest 
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that 	backfilled pipes 	have indeed 	very similiar 	behaviour 	to 	non 	- 
backfilled 	pipes. Their 	reckoning 	is 	that in 	a 	backfilled 	pipe, 	the 	soil 
prevents 	the immediate escape 	of 	the 	gas 	and 	restrains 	the 
displacements 	of the 	flaps whereas 	in 	a non 	- 	 backfilled 	pipe 	such 	is 
not 	the 	case. Therefore a 	higher 	gas 	pressure 	builds 	up 	in 	a 
backfilled 	pipe. A 	higher gas 	pressure acting 	through 	smaller 	flap 
displacements, 	they 	concluded, seems 	to roughly 	balance 	out 	with 	a 
smaller gas 	pressure acting through larger flap displacements. 
Popelar et al
, 
 s42theory also fails to predict the reduction 
in crack propagation velocity usually reported in backfilled pipes. The 
assumption of the backfill acting as a distribution of springs ( as in a 
Winkler foundation ) surrounding the pipe is only suitable for small 
displacements and is therefore unsatisfactory as large plastic soil 
deformations usually accompany a ductile crack propagation in buried 
pressurised pipes. Maxey (1979 
)36 
 reported that the main effect of 
backfill is through its inertia and so do the Italian researchers at the 
Universita di Genova and Centro Sperimentale Metallurgico as will be 
discussed later. Inertia however was not allowed for in this theory. 
Neither is plastic deformation of the soil. 
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Studies by the Italian researchers at the Universita di Genova 
and Centro Sperimentale Metallurgico 
A paper by Alpa, Bozzo and Gambarotta 4 in 1980 dealt in 
considerable detail with the effect of backfill on ductile crack 
propagation in pressurised pipelines and predicted a significant increase 
in soil restraint with depth of burial. This paper was actually 
published in an attempt to refine a previous general energy balance 
analysis two years earlier which was then aimed at presenting an 
interpretive base for much of the experimental works already carried 
out by Centro Sperimentale Metallurgico especially for large diameter 
pipelines subjected to high pressures in which they claimed that the 
theories of Battelle Memorial Institute, British Gas Corporation and the 
American Iron and Steel Institute failed to compare favourably. 
The Italian researchers' analysis is that of a general 
energy balance equation along the line of that adopted by the British 
rate 
Gas Corporation but in greater detail. The general energy balance 
takes the form: 
dog 	= 	dDe + dOk + dDp + dDf + dDb 
dt 	 dt 	dt 	dt 	dt 	dt 
where: 
dDg/dt = energy expended by the expanding gas 
dDe/dt = 	elastic energy due to deformation ahead of the crack tip 
dDk/dt = 	kinetic energy of the 	pipe walls 
dDp/dt = 	plasticisation 	energy of the 	pipe walls 
dDf/dt = energy dissipated in advancing the crack and 
dDb/dt = energy dissipated into 	the 	soil 
In deriving all the energy terms, a simplified geometrical 
model based on an earlier British Gas Corporation model (Poynton, 1974) 
is adopted. 
This simplified geometrical model assumed that the pipe 
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wall split open in a straight fashion with no change in its perimeter 
Figure 2.3.2 (d) ) and no deformation on the lower portion of the 
pipe. It is further assumed that the semi - opening, a, of the crack 
varies linearly along the longitudinal axis up to a maximum . The 
abscissa E corresponds to the section with general semi - opening, a, 
whilst maximum semi - opening i defines the section with maximum 
abscissa E ( Figure 2.3.2 (e) ). 
The general section can also be defined by angle oL with 
maximum value & corresponding to 9 and E. The plan of the lips of 
the deformed walls form straight lines inclined at angle 8 to the axis 
as shown in Figure 2.3.2 (e). 
40 
oc 
Figure 2.3.2 (d) 
4 
(Aipa at al, 1980) 
Figure 2.3.2 (e) 
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In deriving the last energy term dDb/dt, simplifying 
assumptions were made with regard to the behaviour of the backfill. 
The soil is assumed to be a homogeneous medium, comprising 
incompressible particles with an angle of internal friction but no 
cohesion. Movement or slippage is along planes inclined at a constant 
angle P to the vertical which is not predetermined but can reasonably 
be taken as 45 0 until more precise information is obtained from tests 
see Chapter 5 ). No friction is assumed on the surface of contact 
between soil and pipe walls and the soil wedge between planes inclining 
outwards at 13  from the lips of the fracture is considered to be 
expelled directly by the gas. 
Energy expended by the expanding gas, dog/dt 
Starting with an expression first derived by Eiber (1969) 
linking pressure at crack tip ( Pt ) to decompression velocity of the 
gas ( V ) and fracture velocity ( V ), and from pressure decay 
9 	 3 
behind crack tip as formulated by Alder (1974), energy expended by 
the expanding gas can be derived as: 
dDg= 	Cg V R2 IN ( 0.28 + 0.58 L 
dt 	 Vg 
where: 
R = radius of pipeline 
p IN= initial or operating pressure in pipeline 
V 	velocity of crack propagation 
V = decompression velocity of the gas 
Cg is a coefficient dependent on & and 8 
where: 
a = maximum angle of opening 
8 = angle of semi - opening of the tips of the fracture 
42 
in plan view 
Elastic energy due to deformation ahead of the crack tip. dDe/dt 
The elastic energy contribution is deemed to be in two 
parts; that ahead of the crack tip where ovalisation of the pipe 
takes place and that behind the crack tip. The contribution of the 
latter is not easy to evaluate since it is also accompanied by gross 
plastic deformation. However it is not believed to be significant. 
The former is evaluated as: 
dDe= 	_1TP2INR3V 
dt 	 Et 
where: 
E = elastic modulus of the pipeline material 
t = thickness of the pipeline 
R and V are as defined earlier. 
The ratio of dDe/dt to dog/dt is usually negligible and 
for this reason the contribution of elastic energy in the balance 
equation is usually ignored. 
Kinetic energy of the pipe walls. dDk/dt 
The kinetic energy 	contribution 	is 	restricted to 	the 
length 	E behind the crack tip 	where 	the 	transverse 	velocity of the 
pipe 	walls is 	not zero. Ovalisation 	ahead 	of 	the 	crack tip 	is assumed 
only 	to make 	a modest contribution 	to 	kinetic 	energy 	and is 	not 
included in 	the evaluation of: 




C 	non - dimensional coefficient that depend on 8 
and 
= specific weight of the pipeline material 
V 	dV / dt 
t, R and V are defined as earlier. 
Plasticisation energy of the øie walls. dDQ/dt 
Plastic work is done both ahead and behind the crack tip 
and both were deemed to be of similiar magnitude. Behind the crack 
tip, the pipe walls open up substantially. The deformation ahead of 
the crack tip too can be quite significant but is largely concentrated 
close to the tip. The inclusion of the plastic energy term differs 
from the British Gas Corporation approach in the sense that British 
Gas Corporation does not explicitly evaluate this quantity but includes 
its effect into the numerical coefficient of the groupings deduced 
experimentally. The plasticisation energy contribution of the pipe walls 
ahead of the crack tip is included in the energy dissipated in 
advancing the crack tip ( dDf/dt ) but the plastic work done behind 
the crack tip is evaluated as: 
dDp/dt 	= 	C a t 2  V 
P 	s 
where: 
C = a non - dimensional coefficient = a / 2 
P 
a s  = plastic yield stress of the pipeline material 
, t and V are as defined earlier. 
Energy dissipated in advancing the crack. dDf/dt 
The energy dissipated by the crack dDf/dt is commonly 
assumed to be proportional to the area of breakage and to a 
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C = energy absorbed by the 2/3 Charpy V test 
A = area of the fracture surface in test 
C 	- 
C f = non - dimensional coefficient to relate results on small 
samples to the real geometrical and loading conditions 
t and V are as defined earlier. 
Energy dissiøated into the soil, dDb/dt 
And lastly, but by no means the least important, is the 
energy dissipated within the mass of the displaced soil. The resulting 
solution for energy absorbed by the soil, dDb/dt, is 
dOb/dt = q R 2 V C bCbl - RC b2 
+ q/g R 2 V ' ( bC b3 - RC b4 
+ q/g R V3 C bCb5 - RC b6 
where: 
q = unit weight of backfill 
b = depth of burial of pipeline referred to the axis 
R, V and V are as defined earlier. 
Coefficients Cbl to  Cb6  are functions of the maximum 
angle of opening, Ei, the internal angle of friction, p, the 112 crack 
angle, 8 and the value of P , although as an example, 0 has been 
assumed to be 45 0 . 
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Prior 	to the 	experimental results of 	this 	research 
Chapter 	5 ), 	the 	Italian 	model 	to 	this date appears 	to 	form 	a 
reasonable basis 	for the 	approximate calculation 	of 	the 	restraint 
provided by the 	soil. This 	theory, which predicts a 	significant 	increase 
in 	soil 	restraint with depth 	of 	burial, conflicts strongly 	with 	Maxeys 
observation that 	this is 	simply not 	true. 
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2.4 The effects of other environmental surroundings: on brittle and 
ductile fractures 
On land, pipelines are either laid in relatively deep 
trenches and backfilled using material excavated from the trenches, or 
laid in much shallower trenches so that the top of the pipeline is at 
or above grade. The material excavated from these shallower trenches 
is then used to heap around the sides and over the top of the 
pipeline. This type of backfill is termed "berm" backfill. 
On the other hand, pipelines from offshore rigs are 
usually coated with concrete and water, either deep or shallow, then 
forms the surrounding environment. 
Buried pipelines, whether deeply entrenched or as berm 
type construction, are usually specially insulated and may be subjected 
to frost all year round. 
The effects of many of these external environments on 
both brittle and ductile fractures will be discussed in the following 
few pages. 
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2.4.1 On brittle fractures briefly 
As discussed in Subsection 2.3.1, any form of backfill is 
not expected to play a significant role on brittle fractures in gas 
pressurised pipelines. The explanation for this is that the pipe 
deformation and backfill displacement take place too far downstream 
of the crack tip. Indeed the external environments can be water or 
frozen backfill. Little or no appreciable difference will be noted. 
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2.4.2 On ductile fractures 
As with normal backfill, other external environments do 
affect ductile crack propagation in gas pressurised pipelines. The 
first main effect of the external environment is believed to be from 
the added inertial mass in contact with the pipe. Provided this 
environment is not too highly compressible ( examples being very 
shallow or berm type backfill ), a higher resistance to the pipe 
opening process will be exerted; thus slowing down its opening rate 
and a reduction in the crack driving force. The second main effect, 
related to the first in some ways, is the lessening of the hoop stress 
in the pipe. As the external pressure, brought about by the presence 
of the external environment, is increased relative to the internal 
pressure within the pipe, the hoop stress in the pipe is decreased; 
thus reducing the chance of a crack propagating. 
Hence the higher the degree 	of restraint provided by the 
external 	environment, the 	more favourable 	will 	be its 	effect 	on 
inhibiting 	ductile crack propagation in gas 	pressurised pipelines. 
Water as the external environment 
Energy floing from the North Sea to Great Britain has 
necessitated that pipelines be coated and then laid on the sea bed; in 
both deep and shallow waters. 
The effects of deep water are twofold. The first, 
applying to shallow water, is the resistance to sudden flap movement. 
The second, which can only be achieved from great depths, is the 
provision of the high external water pressure. As discussed earlier, a 
high external pressure can alter the stress level in the pipe through 
a reduction in the hoop stress. 
Maxey et al (1979)
36 
 simulated the effects of deep water 
by having a test pipe ( 26 inches diameter ) inside a larger outer 
49 
pipe ( 48 inches diameter ) and the annular space in between the two 
pipes pressurised to 500 psi and maintained at that level. The test 
pipe was then filled to 90 percent with water and then pressurised 
with air to 1035 psi when a relatively slow ductile crack took place, 
reaching a maximum velocity of only 53 rn/s and quickly arrested after 
only one pipe diameter total length. A brittle fracture had been 
expected and it was believed that the external pressure had caused a 
reduction of the effective stress level in the test pipe, insufficient 
to propagate a brittle fracture. 
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Maxey et al (1979) also tried to ascertain the effects of 
shallow water surrounding a pipeline, and their conclusion reached is 
that the effect is similiar to that of "normal" soil backfill in so -Far 
as restraining flap motion and reducing the ductile fracture velocity. 
Frozen backfill 
The proposed pipeline from the Soviet Union to Western 
Europe which is expected to come into service soon will be subjected 
to permafrost external environment at least for the northern portion 
of its route. Full - scale tests at Athens, Ohio, with only a frozen 
36 
annulus around the pipe (Maxey, 1979) seemed to suggest that frozen 
backfill provides more restraint than "normal" soil backfill in restraining 
ductile fracture propagation. However, these experiments had other 
variables and modifications whose influence on ductile fracture was 
admitted to be uncertain. 
Model tests were also included in the Athens' experiments 
to examine the difference between solid frozen backfill and a frozen 
annulus. In the former, the backfill of wet sand wasone pipe diameter 
deep and frozen solid around the pipe; several diameters wide and 
deep. A longer length of fracture ( 27 inches compared with 6 inches 
was obtained in the case with a frozen annulus. A lower crack 
velocity was also observed for the case with frozen backfill. 
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Berm backfill 
As for berm type backfill, experiments conducted by AISI 2 
suggested that it does not appear to inhibit the propagation of a 
ductile fracture. This is to be expected as the overburden pressure 
exerted by the relatively thin cover of backfill is negligible compared 





2.5 The different toughness requirements as formulated by various 
researchers for shear crack arrest in gas pipelines 
The study of shear 	fracture 	propagation in gas 
transmission pipelines has been conducted by many, notably the British 
Gas Corporation (BGC), American Institute of Steel and Iron (AISI), 
Battelle Memorial Institute (BMI) and Italsider - Centro Sperimentale 
Metallurgico (Italsider - CSM). Amongst other reasons, the unacceptable 
costs of repair and loss of gas supply arising from inadequate pipe 
toughness and a greater awareness for safety standards, have largely 
prompted these studies. 
More recent research work, however, was prompted largely 
by the requirements of gas transmission companies to operate at 
higher pressures using larger diameter pipes. There is also an 
increasing demand to transmit gases with richer hydrocarbons and at 
lower temperatures. All these factors have considerable influence on 
shear fracture behaviour. 
The need to use larger diameter pipes at higher operating 
pressures has meant increasing toughness standards. The Charpy energy 
level was recognized as providing a reasonably good measurement of 
shear fracture resistance until the emergence of high toughness 
materials. A study by Fearnehough, Dickson and Jones (1980)23 showed
that materials with 2/3 Charpy value above 70 J does not usually 
arrest a shear fracture as would otherwise be expected. Arising from 
this, an improved method of toughness evaluation was developed by 
them using interrupted dynamic tear test as an alternative to the 
Charpy tests. If the Charpy tests are to be used, Fearnehough, 
Dickson and 'Jones suggested a reduction of 30Z. Thus, if the 2/3 
Charpy value of the material is measured as 73 3, the pipe can be 
expected to behave as if it only has a 2/3 Charpy value of 51 J. 
This would also imply that if the 2/3 Charpy value of the material is 
between 50 3 and 70 J. then it should be reduced to 50 3 
approximately. 
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British Gas Corporation (BGC) 
The British Gas Corporation approach to the study of 
shear fracture propagation problems is in one way or another, common 
to those approached by BMI and Italsider - CSM. It involves to a 
greater or lesser extent, statistical analyses of full scale 
experimental tests. Poynton, Shannon and Fearnehough (1974 
)43 
 first 
published the British Gas theory which involves an energy balance 
between those supplied by the exhausting gas and those absorbed as 
kinetic energy in the pipe walls and in the fracture process. The 
energy absorbed in the fracture process is related to the fracture 
toughness of the pipe material. Their theoretical treatment led to 
two parametric groupings which take into account the pipe geometry, 
gas decompression characteristics and fracture toughness. The effect 
of backfill is deemed to restrict the deformation such that it never 
exceeds a U' - shape. 
Expressions were derived relating the Charpy energy 
necessary for fracture arrest based on the manipulation of 45 
previously published full - scale fracture propagation data plotted in 
terms of the parametric groupings. Figure 2.5 (a) shows the 65 sets 
of data including a good demarcation between points classified as 
either arrest or propagate. 
Considerable 	additional 	full scale fracture 	information 




	re 	- 	 evaluated 
the earlier 	British 	Gas 	approach 	on 	the basis of 	84 	data 	points, 
instead of the 	earlier 	45. 	Figure 	2.5 	(b) 	shows 	the statistical 	analysis 
of the 	86 	baseline 	data 	points 	using 	the same parametric 	groupings 
and also the 95Z 	and 	50Z 	confidence 	lines. 
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Figure 2.5 (a) Application of arrest and propagate 
results to analysis 
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Figure 2.5 (b) Statistical analysis of baseline data 
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The 957 confidence line is about 257 above the 507 
confidence line which is in turn about 47 above the earlier confidence 
line ( for 45 data points ). This change of 47 between the earlier 
507 confidence line and the later 507 confidence line is insignificant 
compared with the property variations within a single pipe length. 
From Figure 2.5 (b), equations may be derived to predict 
minimum 2/3 Charpy levels for fracture arrest based on 84 data points 
for 957 and 507 confidence thus: 
957 confidence: 2/3 C 
V 
= p IN R2 10 
	
11.76 - 0.288 (RIt)025 } 
507 confidence: 2/3 C = IN R 2 10 
	
11.54 - 0.288 (R/t) 025 } 
t i.5 
where: 
PIN= pipeline operating pressure in N/mm 2 
R = pipe radius in mm 
t = pipe thickness in mm 
2/3 C = 2/3 Charpy energy level in 3 
American Institute of Steel and Iron (ATSI) 
The AIST approach is a strictly statistical discriminant 
analysis of available test data. Based on an earlier set of 65 test 
data, the 957 confidence of arrest is 





2/3 C = 2/3 Charpy energy in 3 
V 
56 
= hoop stress in N/mm2 
D 	pipeline diameter in mm 
Fearnehough and Jones (1980) repeated the AISI approach 
using data points ( as compiled and used by them in the BGC approach 
instead of the earlier 45 results. The same variables isolated by 
AISI, of diameter, D, and stress, 0H  were used and are shown to be 
adequate provided small changes are made to the original statistical 
constants. The new arrest equations are: 
2/3 C = 0.00365 D032 0H 
	
- ( 501 confidence 
2/3 C = 0.00438 D032 a H 1.22 - C 951 confidence 
2/3 C , D and a 
H 
 are as defined earlier. 
v  
Battelle Memorial Institute (BMI) 
Battelle Memorial Institute's approach is based on a 
number of full - scale and laboratory fracture tests. An empirical 
correlation is then established between the full - scale behaviour and 
the toughness of the material. 
Much of their work has already beeen discussed in 
Subsection 2.3.2 from which the following three main equations are 
derived ( for natural gas pipeline ): 
P t 	IN 
 [. 	6V] 
C E 	= 	24 	In sec 	ii 	




V = constant 	-
Pt 	 6 0 
IC 	L /A 	 - 1 j Jvc 
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where: 
Pt = decompressed or crack tip pressure 
PIN = initial pipeline pressure 
V = velocity of crack propagation 
V = velocity of sound in the undisturbed gas 
C = Charpy V upper plateau energy 	 in-lb I in 
unbroken cross - sectional area beneath 
the Charpy notch 
E = Elastic modulus of pipeline material in p.s.i 
R = radius of the pipe in inches 
t = wall thickness of the pipe 
0a 
= decompressed stress level at arrest 
p = 0 	x t/R 
a 	a 
constant = 0.470 for approx. 30 inches of unspecified backfill 
0.648 for no backfill or sidefill 
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Maxey et al (1974 ) described a trial and error procedure 
for determining the Charpy energy required for arrest provided the 
pipe diameter, wall thickness, minimum yield strength of the pipeline 
material and the operating pressure are known. Alternatively, the 2/3 
Charpy energy necessary to arrest a running shear fracture at 507 
confidence level for a buried pipe can be expressed as: 
2/3 C = 2.382 x 10a 	
( R t )0.333 
V 
where: 
2/3 C = 2/3 size Charpy toughness in full shear ( 3 
0H 
= design hoop stress in N/mm 2 
D = pipe diameter in mm 
Italsider - Centro Spermentale Metallurgico (Italsider - CSM) 
The Italsider - CSM approach is based on collected 
experimental data concerning deformation characteristics of pipeline 
during a fracture 12 and, some simplifications and assumptions made 
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pertaining to soil displacements 4 
An energy balance between those expended by the 
exhausting gas and those consumed in the plastic deformation and 
fracture of the pipe walls plus those dissipated into the backfill is 
formulated leading to a 507 confidence arrest level as: 
2/3C= - 0.627 t - 6.8 x 108 R 2 d 	+ 
t 
+ 2.52 x 	R 
+ 1.245 x iO 	R t 
d 
where: 
2/3 C = 2/3 Charpy energy level in .3 
R, t = radius and thickness of pipe in mm 
d = depth of burial referred to top of pipe in mm 
= hoop stress in N/mm 2 
From the above arrest equation, it can be noted that 
for the first time, the backfill effect has been featured in an 
arrest equation. 
Finally, it must be emphasized that all the methods 
described in Section 2.5 involve statistical analysis of experimental 
data. 
A comparison of the various approaches 
Figure 2.5 (c) compares the four approaches of British Gas 
Corporation, American Institute of Steel and Iron, the Battelle 
Memorial Institute and Italsider - Centro Sperimentale Metallurgico for 
a 1219 mm ( 48 inche s ) diameter, 15.88 mm ( 0.625 inch ) wall pipe 
assumed to be buried to a depth of 1000 mm referred to the top 
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of the pipe. 
The first three approaches, i.e those of BGC, AISI and 
BMI, made no provision for the depth of burial, nor are they always 
clear as to the depths of burial in their test results. This is not 
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The Effect of Backfill: Theoretical Investigation 
3.0 Introduction 
In our search for the effect of resistance offered by 
the backfill on ductile crack propagation in pressurised pipelines, a 
start can be made by using the more traditional methods of analysis 
incorporating the basic principles of soil mechanics. 
Sufficient assumptions will be invoked until the analysis 
can be managed and completed. In this chapter, the more 
conventional theory of plasticity will be used as a start to the 
investigation although it is evident from the nature of the problem 
that a dynamic analysis approach may play an even more important role 
in its solution. 
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3.1 A recourse to the theory of plasticity 
When an ideal material is stressed, it first behaves as an 
elastic material through a certain range of stress. When the stress 
exceeds a limiting value, the material becomes plastic and there is no 
increase in stress with further strain. 
This second stage, which is equivalent to yielding or 
plastic flow in the material, is assumed to develop when the lips of 
the fracture elongate, rotate and translate into the surrounding soil. 
Apart from assuming that the soil is ideally plastic, a further 
assumption commonly employed is that it also has a • known failure 
criterion independent Of the loading path. If the Mohr - Coulomb 
failure criterion is employed, then failure occurs if the shear stress 
on any plane equals the shear strength of the material. 
A rigid, plastic soil model is also implied although it has 
been widely accepted that an infinitesimal movement along the failure 
surface is not sufficient to develop the full shear strength. This 
together with the notion that the backfill fails at a given set of 
stresses, irrespective of the loading sequence that leads up to these 
stress conditions are clearly inadmissible with respect to the nature 
of a ductile crack propagation at great speeds, but nevertheless will 
be accepted as sufficiently accurate in this approximate 'static' 
analysis. 
Several analytical approaches to this 'static' analysis exist, 
but the major part of the work will be based on solution procedures 
developed by Sokolovski, namely, the method of characteristics and 
finite difference. 
A detailed treatment of Sokolovski's work is not within 
the scope of this thesis. For excellent discussions of his work, please 
refer to References 50 & 51. 
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Sokolovski's Method 
Ductile crack propagation in pressurised pipelines is clearly 
a three dimensional problem, but if we constrain our investigations to 
that of a two dimensional problem ( Figure 3.1 (a) ), then the two 
basic equations of equilibrium are: 
+ 	-ryx 	+ 	X 	0 
ax 	ax 
c0 	+ 	 + Y = 	0xy 
ay 
where: 
X and Y are the component body forces in the x and y 
directions respectively. The Y component is usually the weight 
of the material. The X component, in this case, is absent. 
although it may include seepage pressure. 















Figure 3.1 (a) 
64 
If we assume that the Mohr - Coulomb strength 
relationship is applicable ( Figure 3.1 (b) ). then the condition of yield 
or failure is: 
1/4 ( 0 - 	
2 	
+ 	t 
x 	y 	 xv 2 
= sin 2 ( 	a + a + 2 
x 	y 
where: 
uj is the angle of internal friction of the soil material 
T 
+ Txy 
Figure 3.1 (b) 
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The above three equations with only three unknowns 
reduces the problem to that of a statically determinate one. The 
rupture surface will be taken as the locus of points where all three 
equations are no longer valid. 
By some clever substitutions and manipulations. Sokolovski 
(1960) was able to obtain all pertinent information relative to a point 
within a soil mass at limiting equilibrium once their 81  and a values are 
known. 
Making use of the A definition first introduced by Caquot 
and Kerisat (1956) as sin ( sin 6 / sintp ), the angle between the 
direction of the major principal stress and the x-axis is: 
	
8' = 	(1-k)1r/4+1/2(k-ö)+rpT 
The active case is realised for k = -1 and the passive 
case for k = + 1. 
The other value, a, can be found from 
= 	cosö - 1< co 	- 
Sokolovski's solution, though highly elegant mathematically 
and widely respected for dealing with stresses in soil masses at failure 
( plastic equilibrium ) is a rigorous and overwhelming task, even with 
the employment of numerical methods unless a computer can be 
accessed. 
Hetteriatchi and Reece Method 
Strictly speaking, this method 27 is Sokolovski's method in a 
more convenient form. It permits a quicker calculation Of passive 
pressures incorporating dimensionless passive coefficients which are 
66 
then substituted into a basic additive equation. Charts based on data 
obtained from computer programs using Sokolovski's method enables 
these coefficients to be read off either directly or by interpolation. 
It is claimed that this method will predict values of the passive soil 
resistance very close to those obtained by rigorous application of the 
plasticity theory. 
As with most other methods of convenience, some basic 
assumptions and limitations are necessary: 
The soil is an isotropic and rigid - plastic material which fails 
at infinitesimal strain in a two - dimensional field according to the 
Mohr - Coulomb failure criterion. 
The soil - structure interface is plane and extends at least up 
to the free horizontal soil surface. 
Any surcharge q should extend over an area no less than the 
S 
rupture zone and is' uniformly distributed. The boundary between the 
surcharge and soil surface should harbour no shear stresses. 
To dismiss inertia loads induced in the soil, the soil - structure 
interface translates, at an angle ± P with the horizontal, sufficiently 
slowly. No rotation of the soil - structure interface is permitted. 
If all the above limitations and assumptions can be 
accepted, this method by Hettiaratchi and Reece can be used to 
predict the soil resistance to a plane structure having any rake angle, 
a, lying between 
50 
and 110 0 . 
This required soil resistance, R' per unit width, to the 
interface translating into it can be broken down into two parts 
Figure 3.1 (c) ). 
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P' 	the frictional' component acting at an angle 5 ( soil interface 
friction angle ) with the normal to the interface. 
P9gz2K - 	 ca 	 q 
#czK +qzK - 
g Z K e_S 	( Nm 1 
A' the adhesive' component acting along the interface. 
A' = a' z cosec aL
r 	
( Nm 1 
Surcharge q5 
t= 0 
Fit direction of motion of interface, zero if horizontal 
Soil structure interface - 




Strength parameters 	C & 0 
Unit mass 	 es 
Soil interface 
Interface adhesion 	a' 
27 
Hettiaratchi & Reece, 1974 
Figure 3.1 (c) 
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The coefficients K , K
ca 	q 	a 
K and K are presented in pairs 
of charts for S = 0 and S = i.p for various values Of rake angle a 
r 
and angle of internal friction p. Intermediate K f 
	ca 	q 	 a 
, K • K and K for 
o 4 S ( tp are estimated from: 
K 5 	= 	K ( K 	I K 
)Wfl 
where: 
1< = the value of the coefficient being interpolated at 
S = 0 and K at S 	p ( both these values 
being obtainable from the charts 
n 	= 	S/tp 
W = edf where d = 0.4 ( 1 - n ) p cot .p 
The appropriate values of f are as in Table 3.1.1. 
Table 3.1.1 
K I f = 	{ 	1 	- 0.5 	sech 	[ 	2 	( 	a 	+ 	(Pp 	) 	 - 	1.833 	] 	e tan tp 
Y1 y 
K I f = coth ( 	a 	+ 	0.175 
ca I 	ca r 
K I f 	= tanh C a 	- 	1/2 	tP 
q I 	q r 
K I f 	= tanh 	( a 	- 0.175 
a I 	a r 
Lastly,S 	( c + q )/(g z) 
S 	 S 
Before proceeding, the authors cautioned that this 
method is only applicable if wedges of dead soil do not develop which• 
are capable of altering the rupture surface geometry and interface 
stress conditions27 28 This phenomenon is termed cavitation. 






135° - 1/2p - p 
and 
P = 1/2 t ö + sin 	( sin 6 / sin p ) ] 
We have up to now sufficient tools to make a start if 
we wish to make use of the plasticity theory in estimating the 
static' effect of backfill on ductile crack propagation provided all 
the basic assumptions and limitations made so far can be accepted. 
As has been emphasized earlier, ductile crack propagation in 
pressurised pipelines is a three - dimensional problem with a time 
element which has been deliberately left out in our discussion so far 
for the sake of simplicity. In Chapter 2 we have dealt with this 
phenomenon in some detail. 
In applying either Sokolovski's solution or the more 
convenient method of Hettiaratchi and Reece to the problem, we are 
compelled to idealise this clearly three - dimensional phenomenon of 
ductile crack propagation in buried pressurised pipelines to that of a 
two - dimensional problem. The mechanism and mode of failure of a 
ductile fracture has been studied by many12 	
36. 40, 41, 
with or 
without backfill. 	However, the simplified pipe flap geometry as 
40 
defined in the British Gas model (Poynton, 1974) idealising a linear 
crack opening ( Figure 3.1 (d) ) will be adopted with B as the half 
opening angle of the fracture. 
Figure 3.1 (e) shows the deformed cross section at some 
distance E behind the crack tip where OL is defined as the angle of 
opening. 
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Figure 3.1 (d) 
Figure 3.1 (e) 
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The pipe wall that has opened up is assumed to be plane 
whilst the unopened part remains circular. Ovalisation, frequently 
reported ahead of the crack tip, is ignored. 
In simplifying the ductile crack phenomenon as a two - 
dimensional problem, one final but nevertheless important assumption is 
that the pipe may be divided into a series of rings and that these 
rings may be assumed to deform their equivalent widths of backfill 
independently of each other. For moderately thick pipes, this 'ring 
model is quite valid as far as only the pipe is concerned for the wall 
21 
shear stresses are generally small (Emery et al, 1981). Now as far as 
the soil mass is concerned, adjacent slices simply cannot deform 
independently of each other because of interslice forces but this will 
have to be accepted without much choice. 
The 	'static' effect 	of backf ill 	on 	ductile crack 
propagation employing the 	theory of 	plasticity 	can 	best 	be 
investigated by 	solving 	a couple 	of 	illustrative 	problems. 	In Example 
3.1 	(a), 	the parameters 	chosen will 	be relevant to those encountered 
in 	the 	experiments; 	to be 	described more 	fully 	in 	Chapter 4. 	In 
Example 	3.1 (b), 	the parameters 	used 	will 	be 	those normally 
encountered in 	full 	- 	 scale tests. 
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Example 3.1 (a) 
Estimate the static effect offered by 	the backfill 	to a 
ductile 	crack propagating in 	a pipe 	buried 	to 	a depth, 	b. 	with 
respect 	to 	its central 	axis. Figure 	3.1 (f) 	shows 	a plan 	view 	of 	its 
linearised 	crack shape and Figure 3.1 	(g) is 	a 	typical cross 	section 	at 
a 	distance 	E behind 	the crack tip. 	I Neglect 	any effect 	of 	the 
escaping gas ] 
Data 
Soil 	C = 0, tp = 37 ° 	= 1560 kg/m 3 
Soil -pipewall:ö = 0,a'=0.0 
O t 	0, z 	oL R sin x 
Pipe : b = 0.20 m. 8 = 8 0 , R = 0.0508 rn C Imp. 4 dia. 
L E 	 dE 
Figure 3.1 (f) 
Gt. 
oR sinoc 
I 	/ 	 4
R cos oc 
I 
Figure 3.1 (g) 
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Solution 3.1 (a) 
Cavitation limit 
= sin_ i  C sin 5 I sin tp ) = 0 
p = 1/2 C S + 	) = 0 
ci 	
135° - p/2 - Ii + 







, hence cavitation will not occur 
and HettiaratChi and Reece soil resistance equations and charts 	can 
be used. 
Since the plane part of the opened pipe does not extend 
up to the ground surface at any stage of the pipe opening, an 
imaginary horizontal free surface at depth equal to { b - R ( a sin 
a + cos a ) } below the ground surface is assumed and a surcharge 
q introduced where: 
S 
q = { b - R (a sin a + cos cx.) ) 9 g 
S 	 $ 
Suppose we divide E into 10 equal parts, then 
dE = 1/10 { R / tan 8 } 
To obtain a for a particular section at a distance E 
from the crack tip. 
E tan 8 	= R(sina - cicosa) 
E =(R/ tan 8)( sin a-a cos a) 
i.e 
E/E = sina- acosu 
7' 
[ Note that cL. the angle of opening, is conveniently equal to 
the rake angle, and will be used as one and the same I 
From Table 3.1 (a), the total enveloping force provided by 
the backfill from a purely static consideration. F 
env 
10 
= 2 E P dE 
i..1 
= 269.1 N 
At this 	stage it 	is 	difficult 	to ascertain 	if this 	static' 
effect of 	270 N 	provided by 	the 	backfill 	is meaningful. This 	270 	N 
can 	be put as the total force enveloping the shape of the fracture 
if 	the 	shape 	is displaced sufficiently 	in 	the longitudinal direction 	and 
slow enough to dismiss 	any dynamic or inertial effects. 
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Table 3.1 (a) 
Slice j qg - S: z(m) 
Pid 	( N ) : 
(rad) (N/rn2) 
Ks Kca Kq Ks q x 1O dE[eggz2K+czK8 + qszKq - 
59Z  (es gz 2 ksx e_S)] 
1 0.536 2179.5 1.20 0.52 2.35 0.55 10.25 13.9 2.70 
20 
0.782 0.90 2.10 2 2080.7 1.05 0.25 4.86 28.0 4.88 
20 
3 -J5- 0.936 2013.8 1.07 1.10 2.15 0.17 3.44 38.3 6.86 
4 1.056 1963.4 1.10 1.40 2.25 0.12 2.75 46.7 8.77 
20 
5 - 9 - 1.157 1924.6 1.20 1.80 2.45 0.085 2.34 53.8 11.08 
6 11 1.246 1894.6 1.30 2.05 2.65 0.07 2.06 60.0 13.46 
20 
13 
1.327 1871.9 1.45 2.50 3.00 0.05 1.87 65.4 16.69 
20  
8 15 1.402 1855:7 1.63 2.85 3.25 0.03 1.73 70.2 19.73 




1.539 1840.2 1.98 3.80 3.90 O.00E 1.54 78.1 26.94 
20 
10 
1 Pd= 134.57 N 
Example 3.1 (b) 
Estimate the 'static effect offered by the backfill to a 
ductile crack propagating in a full - scale experimental pipe test with 
the following data. 
Data 
Soil 	C = 0. ip = 37 0 , Q = 1900 kg/m 3 
Soil- pipewall:ö0.a'0.O 	
9Q0 
= 0. z = cx R sin cx 
Pipe : b = 1.20 M. 8 = 8 0 R = 0.4572 rn C Imp. 36" dia. 
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Solution 3.1 (b) 
Cavitation limit 
A = sin -1 ( sin 6 / sin (p ) = 0 
i-i = 112 ( 6 + A ) = 0 





) a 	( 900  ), hence cavitation will not occur 
and Hettiaratchi and Reece soil resistance equations and charts can 
again be used. 
As in Example 3.1 (a). the plane part of the opened pipe 
does not extend up to the ground surface at any stage of the pipe 
opening. As before, an imaginary horizontal free surface at depth 
equal to { b - R ( a sin a + cos a ) } below the ground surface is 
assumed and a surcharge q introduced where: 
8 
If we divide E into 10 equal parts, then 
dE 	= 	1/10 ( R / tan B 
To obtain a for a particular section at a distance E 
from the crack tip. 
E tan 8 = R(sina- acosa) 
E =(R /tan 8)(sina-acoscx) 
i.e. 
E / E = sin a- a cos a 
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From Table 3.1 (b), the total enveloping force provided by 





2 t P •  dE 
,1 
= 135.78 KN 
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CD 
Table 3.1 (b) 
Slice j q5 - S z(m) Pid 	(N) 
(I) (rad) (N/rn2) 
K Kca Kq Ks q5 x1O 3 dE[s9Z 2 K+cKca + qszKq - 
esgz  (es gz2 Ksse_ s )] 
1 -j-- 0.536 12,707.4 1.20 0.52 2.35 0.55 5.45 125.1 1328.93 
2 0.782 11,624.4 1.05 0.90 2.10 0.25 2.47 252.0 2397.35 
3 -j- 0.936 10,890.8 1.07 1.10 2.15 0.17 1.70 344.7 3374.16 
7 
4 1.056 10,338.4 1.10 1.40 2.25 0.12 1.32 420.3 4324.38 
5 -- 
20 
1.157 9912.8 1.20 1.80 2.45 0.085 1.10 484.2 5491.14 
11 - 
6 20 1.246 9584.4 1.30 2.05 2.65 0.07 0.95 540.0 6712.38 
13 
7 20 1.327 9335.8 1.45 2.50 3.00 0.05 0.85 588.6 8363.89 
15 
8 20 1.402 9157.5 1.63 2.85 3.25 0.03 0.78 631.8 10,028.8 
17 
20 1.472 9043.4 1.75 3.35 3.65 0.013 0.72 669.6 11,930.55 
19 
10 20 1.539 8987.5 1.98 3.80 3.90 0.005 0.69 702.9 13,938.93 
X ° 1 Pd= 67,890.59 N 
3.2 Coulomb's Wedge Theory 
In general, Coulomb's theory (1776) considers, in an 
approximate way, the equilibrium of all the forces acting on a wedge 
of soil between an earth - retaining structure and a trial failure 
plane when the wedge is in a state of limiting equilibrium, i. e. when 
it is on the point of sliding either upward or downward along the 
trial failure plane. The critical force is then determined from a 
series of trial failure planes. The angle of friction between the 
structure and the soil ( ô ) should not be greater than 1/3 of the 
frictional angle of the soil tP ); otherwise the failure plane is no 
longer plane and its curvature must be considered. 
In 	common 	with 	the 	assumptions 	of the 	theory 	of 
plasticity, the 	soil 	is modelled 	as 	rigid 	- 	plastic 	and 	an 	infinitesimal 
movement along 	the failure 	surface 	is 	sufficient 	to develop 	the 	full 
shear 	strength. As before, 	a 	simplified 	flap 	geometry 	idealising 	a 
linear crack 	opening 	( Figures 	3.1 	(d) 	& 	3.1 	(e) 	) 	will be adopted with 
the 	part that 	has opened 	up 	assumed 	to 	be plane 	whilst 	the 
unopened part 	remains circular. 
When 	the 	pipe wall 	opens up, 	a slip will 	occur along some 
plane and 	a wedge 	of soil will 	be 	displaced 	( 	Figure 	3.2 	(a) ). 	At any 
angle of 	opening, 	a, 	a-a is assumed 	to be vertical and 	a critical value 
of 	3 found 	by trial 	and error 	to 	obtain 	P • . 	Since 	the wedge 	will 
move upward 	on 	failure, the 	resultant 	reaction 	R 	is 	at angle 	(p 
angle of 	internal 	friction ) 	to 	the 	normal 	to 	the 	failure plane. 	The 
angle of friction 	between the 	pipe 	- 	wall 	and 	soil, 	6, 	is assumed to 
be 	zero 	in 	the example, 	otherwise 	the 	passive 	force 	P is at 	angle 	6 
to the normal to the wall face. 
The value of P is then found by resolution of forces 
Figure 3.2 (b) ). 
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V 1w p 
I, 
Figure 3.2 (a) 
w 
9o-(p-ø) 
Figure 3.2 (b) 
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The solution procedure involves finding 0 
cr 
that will result 
in a minimum value of P for any particular angle of opening a. A 
trial and error method is of course suitable if only a small number of 
as are involved. However if large numbers of as are involved, as in 
this case, a colossal amount of graphical work will be required. To 
minimise this, a mathematical approach is employed and a critical value 
of 0 found for any a by the convenience of a computer. 
OCACOSOC b - R cosoc) ta 
b—R(o.t$4no + cosoc) 
b 



















Figure 3.2 (c) 
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Referring to Figure 3.2 (c), let: 
W = weight of the wedge of displaced soil slipping at a 
failure plane 0 to the vertical 
P = the passive force offered by the wedge of displaced soil 
R  = the reaction of the failure plane 
W. P and R are considered as per unit width. 
r 
W, the total weight of the displaced soil mass slipping 
upwards at a failure plane 0 to the vertical is the sum of W, 
and W 3 where: 
W 1 gg[{b-R(xsincx+cosa)}Rcos] 
= Q g t 1/2 ( xRcosx ) . ( cxRsinct ) ) 
W = p g C 112 ( b-Rcosa. )2 tan 0 ] 
If we introduced: 
a = 1/2 P g C b - R cos 	
2 
and 
b = p 9(1/2 OL 
2 2 
R sincos aL 
S 
- b R 	cos a+ R2 cx cos 2 ct) 
then W can be expressed as: 
W = a tan 0 - b 
where the terms a and b are independent of . 
8 





sin { (90-a) + (-(p) } 
	
sin { 90-(-p) } 
giving. 
P=(a tan 	 -b) cos (-(p) 
cos ( cx - 	+ 
To find the minimum value of P. it is necessary to 
differentiate P with respect to 0 and then set dP/d = 0. 
dP/d=cos(a-+p){-(atan-b)sin(-p) 
+ a cos ( 0 - q) 	sec P } 
-(a tan 	 -b) cos (-)) sin (a-+cp) 
{ cos C a. - 	+ ( ) 
Setting the numerator on the right hand side equal to zero, 
cos (a-+p){-(a tan 	-b) sin (-cp) 
+a  cos ( 	- tp) sec 2 	} 
=(a tan 	 -b) cos (-p) sin (a-+q) 
On simplifying. 
tan (a-+p)=- tan (-)) 
+ a sec 0 / ( a tan 	- 
P is a minimum at a critical value of 0 which satisfies 
tan (a 	
cr 
- 	+(p) 	= 	asec 2 
Cr 	 cr 
-tan( 	-p) 
atan 0 -b 
cr 
85 
This form of iteration is especially suitable for solving by 
the use of a computer. A program ( Program P1 ) is developed to 
search for 13 	which will result in a minimum value of P for any anglecr 
of opening, a, using Newton Raphsons method. 
If we let 





- 	 - 
then solving for f ( 13 ) = 0 can be achieved by approximating the 
graph of f ( 13 ) by suitable tangents. The general formula is: 
((3 
n+1 	 a 	
f 	
a 
f • C (3 
a 
until convergence is achieved. When convergence is achieved. f C (3 
= 0 and 
tan (a-(3 
cr 
 +p) 	= 	asec 2 
cr 
(3 	- 	tan 	 q) 
a tan 0 - b 
We shall now employ this approach to investigate the 
same examples as in Section 3.1. Again if we assume that the pipe 
can be divided into 10 sections of equal thickness, dE 1 1/10 { R / 
tan 9 ), and that these deform their equivalent width of soil. 
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Example 3.2 (a) 
Estimate the 'static' effect offered by the backfill, using 
Coulomb's wedges, to the same problem as in Example 3.1 (a). Re - 
use the same data, which applies to those encountered in the model 
tests, and refer to Figure 3.1 M. 3.1 (g) and 3.2 (a). 
Table 3.2 (a) shows 13 	and P. 	for each i 	 slice. i 
Cr 1mm 
from 1 to 10. 13 
Cr 	 mm 
and P 	are evaluated using computer program P1. 
From Table 3.2 (a), the total enveloping force provided by 
the backfill on the two flaps. P 	is 
env 
10 
= 2 E P 	dE 
i 1=1 	min 
= 4 58.34 N 
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1 1/20 30.71 19.76 172.08 6.22 
2 3/20 44.81 10.75 286.65 10.36 
3 5/20 53.63 32.21 388.47 14.04 
4 7/20 60.50 41.46 478.83 17.31 
5 9/20 66.29 47.27 567.48 20.51 
6 11/20 71.39 51.51 660.16 23.86 
7 13/20 76.03 54.90 761.16 27.52 
8 15120 80.33 57.75 873.96 31.59 
9 17/20 84.34 60.23 1001.26 36.20 
10 19/20 88.18 62.47 1149.59 41.56 
10 
E P 	dE = 229.17 N 
i ii min 
in line with Section 3.1, a second example will be 
illustrated, using parameters normally encountered in -Full - scale tests. 
For comparison, data used in Example 3.1 (b) will be re - used. 
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Example 3.2 (b) 
Estimate the 'static' effect offered by the backfill, using 
Coulomb's wedges, to the same problem as in Example 3.1 (b). Re - 
use the same data, and also refer to Figures 3.1 (f), 3.1 (g) and 3.2 
(a). 
Solution 3.2 (b) 
Table 3.2 (b) shows 0 
cr 
and P imin  . 	for each 
.tl•% 
 slice, i 
from 1 to 10. P 
cr and P imin  
. 	are, as in Solution 3.2 (a), evaluated using 
computer program P1. 
From Table 3.2 (b), the total enveloping force provided by 
the backfill on the two flaps. F 
env , is 
=2E '° P .. dE 
1 imin 
= 171.68 KN 
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1 1/20 30.71 -47.23 868.66 282.52 
2 3/20 44.81 25.85 12,281.42 3995.27 
3 5/20 53.63 38.33 16.265.04 5284.67 
5 7/20 60.50 64.93 19,921.59 6480.69 
5 9/20 66.29 49.63 23,693.71 7707.80 
6 11/20 71.39 52.88 27,754.77 9028.90 
7 13/20 76.03 55.74 32,273.98 10,699.05 
8 15/20 80.33 58.24 37,401.36 12,167.04 
9 17/20 84.34 60.47 43,261.77 14,073.49 
10 19/20 88.18 62.54 50,161.68 16,318.10 
10 
E 
i l immn 
P 	dE = 85,837.53 N 
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3.3 A third method: Taking dynamics into consideration 
So far only static considerations have been made. 
However, as has been discussed earlier, the nature of a 
ductile crack propagation at high speeds is clearly a dynamic 'one. 
There are three main theories discussing the dynamic 
effect of backfill on ductile crack propagation; namely the theories 
of British Gas Corporation, Battelle Memorial Institute - Ohio State 
University and Universita di Genova - Centro Sperimentale Metallurgico. 
All three theories have been discussed in some detail in Chapter 2 and 
of them, the Italian theory of Universita di Genova - Centro 
Sperimentale Metallurgico seems to be rather logical; that is not to 
say that it is entirely faultless ( to be discussed in Chapter 5 ). 
Universita di Genova - Centro SQerimentale Metallurgico theory 
In this Italian theory, the escaping gas, apart from 
opening up the pipe walls, is also assumed to expel a wedge of soil 
between planes inclining at angle 0 to the vertical. Movement or 
slippage of the surrounding soil is assumed to be • along planes inclined 
at this same and constant angle 0. The angle 0 is not known but has 
been recommended as 450 until more precise information is available 
from tests ( Chapter 5 ). 
The soil is assumed to be a homogeneous medium, 
comprising incompressible particles with an angle of internal friction 
but no cohesion. The geometry of the deforming pipe walls is defined 
as in the British Gas model (Poynton, 1974). 
Figure 3.3 (a) shows a typical section. This Italian theory 
assumes that for an angle of opening a less than the angle P . the 
opening pipe walls will lift the particles of soil and hence no shear 
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restraining effect of the soil is provided. In other words, the 
restraining effect provided by the backfill is negligible at the portion 
of the pipe between the crack tip ( oL = 0 ) and the section at 
which aL equal to 0. 
S 
ictian 0 
Figure 3.3 (a) 
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References 4 & 5 in the Bibliography give an excellent 
treatment of the effects of soil restraint on ductile crack 
propagation in large diameter gas pipelines and evaluate the term 
dDb/dt, which is the energy dissipated into the soil. 
If we adhere to evaluating the same term dDb/dt, no 
comparison is possible with our static consideration in Sections 3.1 and 
3.2. We must therefore deviate at some stage during the evaluation 
of dob/dt to arrive at a comparable comparison, namely the total 
force enveloping the flaps of the fracture. 
Figure 3.3 (b) 
1— 	
E. 
( Alpa et al , 1980
) 4 
Figure 3.3 (c) 
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Figures 3.3 (b) and 3.3 (c) show a deformed cross section 
and a plan view of the flaps of the fracture respectively from which 
the variables a. E. a and 8 are related as: 
a=E tan 8 =R( sin (-a cos cx) 	 (a) 
Referring to Figure 3.3 (d), the horizontal component of 
the velocity at the edge of the fracture ( s = 0 ) is: 
V° =da 	= 	dE tan 8 	+ 	 d8 	(b) 
dt 	 dt 	 cos2 e 	dt 




v 	= 	Vtan8 
X 
where: 
V = dE / dt = crack propagation velocity 
At a more general point. Ii, from the tangent point. 
v 	= 
x 
Vq tan 8 
	
(c) 
The component of v at right angle to the lip of the 
fracture is: 
v 	= 	Vq tan 8 	 (d) 
.i R sin cx 
From Figure 3.3 (e). the length I of the slice of soil 
moving upwards at angle 0 to the vertical is AB. However, the length 
AB can be approximated by the length CD. The length CD, I C cx, q ), 
can also be expressed as I ( cx, tP ) if tp is introduced as a non - 
dimensional variable where: 
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 rl /R 	(Ot)4a) 	 (e) 
It can be shown that: 
I ( a., tp ) = b 
b - 
R I 	 (f) 
where: 
I 	-b 1/cos - 
IR_ cos  a.+ 	sin  a. 	- psin(cx - f) 
cos 
- cos ( a - 
( Alpa et al , 1984 





Alpa et at, 1U 





( Alpa .t 01, 1980 ) 
Figure 3.3 (e) 
Figure 3.3 (F) shows a portion of soil ABCD and the 
forces acting on it. 
Resolving in the direction of the shear plane. 
Fcos(a- 	) - R - QCOS 
OCR 
 -SQ S  Iv cos (-)dfl=O 	
(g) 
where: 
= acceleration in the direction of 
In the direction perpendicular to movement. 
F sin (cz-)-N+Q sin 	 O 	 (h) 
But R = r N where r, the coefficient of friction 
between the slices, can be taken as: 
r = tan (p 
Substituting N from Eqn. (h) into R = r N gives 
R=Fr sin ((x-)+Qrsin 0 (,) 
Substituting Eqn. (i) into Eqn. (g) yields: 
F( cos (ci-)-r sin (ct-)) 
= 0 ( cos 0 + r sin 0 ) 
OCR 
+ f, G) 	I ';, cos ( a - 	) dli 	 C) 
The pressure f exerted by the pipe wall on the surrounding 
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backfill is obtained as the derivative of F with respect to q. 
dFdQ/dfl( cos 	+r sin 	)Ql 
.*
cos 	a 
dfl 	 cos( ct-)-r sin (cL-) 
8utdQ/di1Qgl cos (a-) 
dF =gg( cos 	+r sin 	)l+gIv 	(k) 
dq 	 1-r tan (-) 
It is essential at this stage to evaluate v , the 
acceleration in the direction of P. 
V the velocity in the direction of 0 is related to v as: 
* 
V 	= 	 V 
cos C ci — 
= 	 V q tan 8 	
(I) 
R at sin cx cos C cx — 
or 	 = 	 Vp tan B 
cx sin cx cos C cx — 
1• 
I Figure 3.3 (9) 
( 
MINd en a,, 'cow 
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From Figure 3.3 (9), 
= 	c - R(cosct - SiflaCOt) 
sin a + cos a cot 
Substituting fl into Eqn. (I) 
* 
v 	= 	Cc- R(cosa-sunacot)] tan UV 	(m) 
a R sin a ( sin a+ COS cx Cot 0 ) cos C a - 
Noting that a and V are functions of time, t, 
* 	.* 	 • 
dv Cv) = 	v
* 




where the derivatives are: 
= 	 p tan B 
av 	a sin cx cos C cx - 
3v* = V ip tan B ( i/q + 2 tan C a - 	) - 1/a - cot a 
3cx 	a sin a cos ( a - 
ct = 	V tan 8 
a R sin a 
V 	acceleration of the crack propagation 
At this juncture, we will have to deviate because 
References 4 & 5 goes on to evaluate the energy dissipated into the 
soil, dDb / dt, but we want to evaluate the total force enveloping 
the flaps of the fracture. 
Now Equation Ck) gives the pressure exerted by the flaps 
on the surrounding soil. It can also be expressed as: 
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.* 
f(1.))Q3 g( cos 	 +r sin 	 )l(cx.())+Q 3 l(ct.p)V 
( 1 - r tan ( aL - 	) 3 
Consider now an elemental strip of the fracture, dE wide, 
at a distance E from the crack tip. Along this elemental strip, 
consider a length of dfl at a distance fl from the tangent point 
Figure 3.3 (h) ). 
X1 
Figure 3.3 (h) 
Section X-X 
100 
The elemental force acting normally on the above 




The total enveloping force acting on the two flaps of 
the fracture is thus: 
oCR 
P 	= 	a S 	( E. n ) dfl d env 
Earlier,  tp 	 r / R 
dq = Rdtp 
From Equation (a), dE = aL R sin cL 	da 
tan 0 
Changing the variables of integration and assuming no 
restraining effect from the soil when a .< P. 
P 	=2Jf0f(.P)R2 env 	 cL 
sin  rxdPdc 	(o) 
tan e 
where: 
= maximum angle of opening, usually taken as it / 2 
= it / 4 ( as recommended by Alpa et al 
Substituting Equations (f) and (k) into Equation (n). we get: 
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p 	-env 	QgR 	b C - 
tan  
	C2) 
+ Q R3 V 	b C3 - C4 ) 
( 
+ g R2 V2 tan 8 	b C5 - C6 
( 
where: 
C l =2 	cos 	+ r sin 	ci sin a 1b dp dci 
E 1 - r tan C ci - 	] 
C 
2 
C 1 - r tan C cx - 0 ) 
d 
C3=2j C f.- 	 'b 	 dcpdcx 




(1-r tan (cx-)] Cos (cz-) 
C5 = 2 jJ( 1 + 2 p tan  (ci_3)_p/ci_p Cot  cx)lbdtpdcx 
C 1 - r tan (cx-) I cx sin cx cos (a-13) 
CS = 2 J( 1 + 2 p tan (cx_f3)_p/ci_p Cot  cx)lRdpdcx 
[ 1 - r tan (ci - ) I a sin cx cos ((%-13) 
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A computer program ( Program P2 ) is then developed to 
evaluate C 	C2 , C3 . C 41  C5 
and C6 for 20 0 	) 	400 and 0 = it / 2.1. 
The charts in Figure 3.3 (i) are achieved by calling 
routines from the ERCC ( Edinburgh Regional Computing Centre 
'Graphpack' software from within Program P2 itself. 
In evaluating and plotting the charts, the outer integral 
is from it / 4 to it / 2 ( as suggested by the Italian theory whereby 
the escaping gas is asssumed to expel a wedge of soil between planes 
inclining at 0 = ii / 4 to the vertical ). 
This chart will no longer be applicable when using the 
Italian theory to collate the experimental results in Chapter 5. Two 
modifications will have to be made: 
i) The lower limit of the outer integral will no longer be it / 4. 
but zero, as no escaping gas is involved in the experiments 
jj) It will no longer be the total force enveloping the flaps of the 
fractured pipe, F , that we will be concerned with ( a 
env 
quantity which is no easy task to ascertain ) but rather the total 
force required to pull the model pipe C a relatively easy 
quantity to detect and measure 
From the expression of P 
env
, it can be observed that the 
total enveloping force is a fuQction of the propagation velocity C V 
and acceleration ( V ), amongst others. In the examples ( Examples 
3.1 (a), 3.1 (b), 3.2 (a) & 3.2 (b) ) illustrated in Sections 3.1 and 3.2. 
no mention of fracture velocity or acceleration was made because the 
pipe opening rate, also related to the fracture propagation velocity, 
was assumed to be very small and hence dynamic effects were 
neglected. 
However, we shall now employ the Italian theory, modified 
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to a suitable form to enable the calculation of the total enveloping 
force on the flaps. F 
env' 
to investigate the same examples as in 
Sections 3.1 and 3.2. 
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Example 3.3 (a) 
Estimate the total 'static and dynamic' effect offered by 
the backfill, using the modified Italian theory, to the same problems 
as in Examples 3.1 (a) and 3.2 (a). 
In addition to re - using the same data, which apply to 
those encountered in the model tests, assume: 
V. crack propagation velocity = 7.0 m/s 
V. crack propagation acceleration = 40 m/s 2 
The above values of V and V are typical values from the 
model tests' results ( to be described more fully in Chapter 5 
Also, substitute &. = u / 2 ( as in experiments ) and 
iT / 4 ( as recommended by Alpa et al 
106 
Solution 3.3 (a) 
From the modified Italian theory, the total enveloping 
force acting on the two flaps of the fracture is: 
P 	= 
env 	 99
R 3 	bC 1 - C2 ) 
tan  
+Q R3 V 	bC3 - C4 ) 
(- 
+ 	g R2 V2 tan 	b C 	C 5 •- 	6 
From the charts in Figure 3.3 M. for p = 37 0 , & = 90 0 
and an assumed P = 45 0 , 
C1 	= 	7.38 
C2 	= 5.00 
C3 	= 3.80 
C4 	= 3.05 
C5 	= 	5.21 
Cr 	= 3.56 
The total enveloping force acting on the two flaps of 
the fracture is now 
= 	1560 x 9.81 x ( 0.0508 ) 	0.200 x 7.38 	- 	5.00 
	
tan 8 0 	 0.0508 
+ 	1560 x ( 0.0508 ) x 40.0 0.200 x 3.80 - 3.05 
0.0508 
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+ 1560 X ( 0.0508 )2 x ( 7.0 )2 x tan 8 0 	0.200 x 5.21 (  
0.0508 
- 3.56) 	N 
= 891.60 N 
This quantity of 890 N 'dynamic' enveloping force provided 
by the backfill using the modified Italian theory is very much more 
than the 'static' enveloping forces evaluated in Sections 3.1 and 3.2. 
In line with Sections 3.1 and 3.2, a second example will 
be illustrated, using the same parameters normally encountered in full 
- scale tests. 
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Example 3.3 (b) 
Estimate the total 'static and dynamic' effect offered by 
the backfill, using the modified Italian theory, to the same problems 
as in Examples 3.1 (b) and 3.2 (b). 
Apart from re - using the same data, which apply to those 
normally encountered in full 	scale tests, assume: 
V. crack propagation velocity = 300 rn/s 
V, crack propagation acceleration = 0 
The value Of 300 rn/s used for the crack propagation 
velocity is within the range of 90 - 365 rn/s normally encountered in 
36 
full 	scale tests (Maxey, 1979). 
Crack propagation acceleration ( V ) is not normally 
measured, as it is believed to be insignificant in contributing to the 
soil restraint. 
As in Examples 3.3 (a), assume also oL = it / 2 and 0 = it 
/ 4. 
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Solution 3.3 (b) 
The values of coefficients C1 to C 6 are as in Example 3.3 
(a). 
The total enveloping force acting on the two flaps of 
the fracture is now: 
1env 	
= 	1900 x 9.81 x ( 0.4572 )3 
	
1.200 x 7.36 - 	5.00 
tan 8 0 	 0.4572 
+0 
+ 1900 x ( 0.4572 
)2 
 x 300 x tan 8 °
( 
 1.200 x 5.21 
0.4572 
- 3.56) 	N 
= 50.993 KN 
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3.4 Discussion of Results 
Table 3.1.4 summarises the results obtained in Sections 
3.1. 3.2 and 3.3. 
Table 3.4.1 
Total enveloping force on the flaps of 
the fracture. 	F 
env 
Hettiaratchi Coulomb's Italian 
& Reece Wedge Theory Theory 
Model scale 270 N 458 N 892 N 
Full 	scale 136 	KN 172 KN 50.993 	KN 
What is interesting ( and expected ) that emerges from 
Table 3.4.1 is that a very much higher soil restraint is predicted if 
dynamics is taken into consideration. 
In both the model 	scale and full 	scale examples, the 
Italian theory yields answers that are very much greater compared with 
those obtained by Hettiaratchi & Reece's method ( based on 
Sokolovski's work. 1960 ) and those obtained using Coulomb's wedges, 
even when V is assumed to be zero, as in the case of a ductile crack 
propagating at constant velocity. 
As expected, answers obtained using Coulomb's wedges are 
higher than those obtained using Hettiaratchi and Reece's method as 
the former is a conservative approximate method whilst the latter is 
based on the theory Of limiting equilibrium. 
Apart from pointing out strongly the significance of 
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taking dynamics into consideration, the Italian theory also suggests 
that the dynamic restraint on the flaps of the crack varies as the 
square of the crack propagation velocity, if it is constant. It also 
places emphasis on the depth Of burial, which has however been 
36 
reported by Maxey (1979) to be insignificant. 
A technique is proposed in Chapter 4. which also describes 
the equipment development and instrumentation, whereby verification 
of the Italian theory can be attempted. 
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Experimental Investigation of Soil Restraint 
4.0 Introduction 
As shown in Chapters 2 and 3, the most detailed theory 
concerning the effects of backfill in inhibiting crack propagation in 
gas pipelines is that of the Italian researchers at the Universita di 
Genova and Centro Sperimentale Metallurgico. 
The works of British Gas Corporation and Battelle Memorial 
Institute are semi - empirical in nature and are inseparable from 
other processes that are normally associated with a ductile crack 
fracture. 
A model investigation was planned to verify this Italian 
theory in part. In addition, the investigation also aimed to highlight 
the individual contribution of some of the relevant physical variables 
the depth of burial, velocity, acceleration and crack angle ) to the 
restraining effects provided by the backfill. 
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4.1 The decision for a model investigation 
With the facilities available in the laboratory, it was not 
possible to pressurise and dynamically fracture full scale or model 
pipes. 
However as described in Chapter 2, 	if 	a 	crack propagates 
at 	a 	constant 	velocity, 	the shape of the fracture 	remains essentially 
constant; 	when 	viewed 	from 	a 	frame of 	reference 	moving with 	the 
crack. 	Hence the effect of the pipe 	flaps on 	the surrounding soil 	is 
similiar 	to 	that 	which 	would 	be obtained by 	pulling 	a portion 	of 
fractured pipe ( with opened flaps ) through the 	soil. 
This 	of course 	neglects the 	effect of the escaping 	gas 
on 	the surrounding 	soil 	so 	the planned 	experiments 	can 	only 	be 
compared with 	a 	modified 	form of 	the 	Italian theory. Also 	in 	the 
modification, the 	force 	required to 	pull 	the model pipe, 	F, 	a 
relatively easy 	term 	to 	measure, was 	evaluated and 	not the 	energy 
dissipated into the soil as derived originally 	in 	the theory. 
Nonetheless, this decision for a model investigation has 
the advantage of avoiding the escaping gas so that simpler, safer and 
much less expensive laboratory tests can be conducted to firstly, 
verify the Italian theory partially, and secondly, highlight the roles 
played by some of the relevant physical variables. 
114  
4.2 Equipment development and instrumentation 
Having decided on pulling cracked model pipes buried to 
different depths, the first task was to acquire an apparatus that was 
not only capable of doing the job, but had the ability to 
accelerate from rest to a high velocity and decelerate to a halt; all 
within a reasonable length of travel. 
Many devices were considered: a catapult system - used in 
aiding military aircrafts in short take - offs; an elaborate giant pulley 
system whereby a short fast stroke could be achieved by a heavy mass 
dropping freely at one end; a linear transporter; and an air 
cylinder. The first two systems, apart, from being elaborate and 
perhaps even prohibitively expensive, were thought to take up too 
much space and give rise to safety problems. Two particular linear 
transporters ( "Mardrive" & "Origa" ) were investigated in some detail, 
but were later judged to be too slow. 
The air cylinder was selected to do the job. It must be 
emphasized at this stage that air cylinders, operated by compressed 
air, are not designed for the nature of tasks that we are intending, 
i.e a fast acceleration to a high velocity and then decelerating to a 
halt. There is always the fear of the piston bursting through the 
end cap, which means not only the destruction of the air cylinder 
itself, but the destruction of adjacent apparatus and danger to 
personnel. However, by some unconventional manipulations, it could be 
adapted to fulfill the required task. This is discussed in detail in 
Subsection 4.2.1. 
	
The next important piece of equipment is a load 	cell; 
to enable a reading of the force required to pull a particular 
cracked model pipe through a depth of burial. The dynamics of an air 
cylinder, in the manner in which , it was intended to employ, would not 
yield a constant velocity for any appreciable stroke of the piston. 
Instead the piston C and hence the model pipe as well ) would 
115 
accelerate to a maximum velocity and then decelerate as the pressure 
at the inlet end dropped. Because of this non - linear acceleration of 
the piston, plus the fact that the time taken for each run 
depending on the velocity of the piston ) is measured in the order of 
milliseconds, there are some very demanding requirements in the 
selection of the load 	cell. Firstly, it must be able to respond fast 
enough to enable several ( six ) readings to be made within a few 
milliseconds and secondly, it must be able to take compression as well 
as tension. The position of the selected load 	cell in relation to the 
model pipe assembly, together with its brief specifications, will be 
described more fully in Subsection 4.2.2. 
Apart from the need to know the force required to pull 
a particular model pipe through the soil, it is also important to know 
how fast it is being pulled. The use of timing wires, as used in most 
research work on full scale pipes ( Subsection 2.2.2 ), is not 
thought to be suitable as it will involve a fair amount of preparation 
work before each run. Hence a completely new technique of 
determining the velocity of the piston has been developed. The 
acceleration of the piston also has to be determined as it is 
necessary to subtract the inertia of the model pipe assembly ( please 
see arrangement of load cell within the model pipe assembly in 
Subsection 4.2.2. and Plate 1 ) from the total load recorded by the 
load cell. Subsection 4.2.3 describes more fully this velocity 
measurement technique. 
A microprocessor was incorporated to measure load 	cell 
of 
outputs corresponding to instantaneous values of position A  the piston. 
The microprocessor was programmed to scan the required information 
which was then recorded, stored and later retrieved. At this stage it 
is difficult to discuss the precise role and operation of the 
microprocessor, and it is felt more befitting to include its discussion 
when considering the load - cell ( Subsection 4.2.2 ) and the 
velocity measurement technique ( Subsection 4.2.3 ). 
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Subsection 4.2.4 describes the other ancillary equipments 
essential to complete the required set - up, such as air - compressor 
etc. 
4.2.1 	Air cylinder 
After some preliminary calculations to determine the 
potential velocity of the piston under varying operating pressures, a 
125 mm bore x 1.5 m stroke International air cylinder manufactured 
by "CompAir-Maxam" was chosen. Its brief specification is as follows: 
Maximum pressure ( air 
	
10 bar (1000 KPa 
Temperature range 	 - 200 C to 80° C 
Operating medium 
	









End caps - Die cast aluminium alloy 
Cylinder body - Cold drawn seamless hard anodised aluminium alloy 
Piston rod - Carbon steel, chrome plated and polished 
Piston - Die cast aluminium alloy. Heat treated and fitted 
with "P.T.F.E" wearing ring 
Mountings - Supplied as required 
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Cylinder Thrust 
Operating Pressure - bar 	(KPa) 
Stroke 	Piston Area 1(100) 	2(200) 3(300) 4(400) 	5(500) 
cm2 
Thrust ( Newtons 
out 	122.719 1167 	2334 3501 4668 	5835 
in 	114.676 1089 	2177 3276 4364 	5453 
	
6(600) 	7(700) 	8(800) 	9(900) 	10(1000) 
Thrust ( Newtons 
7002 	8169 	9336 	10503 	11670 
6541 	7640 	8728 	9817 	10905 
In practice various losses occur due to friction, pressure drops etc. 
For these reasons, "CompAir-Maxam" suggested that for practical 
purposes 65Z of the above theoretical figures be used. 
Figure 4.2.1 (a) shows a cut - section of a similiar air 
cylinder. 
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Figure 4.2.1 (a) 
In exploiting the air cylinder to perform the required 
task, the piston is initially clamped at a distance x from the supply 
end of the cylinder and pressurised to P ( please refer to Figure 
4.2.1 (b) ). The other end of the piston, the outlet end, may be 
partially or completely closed and will be more or less at atmospheric 
pressure initially. The mechanical clamp is then released and the 
piston shoots along the cylinder and is eventually brought to a halt by 
the build - up of pressure in the outlet end. It has been estimated 
that the maximum velocity is reached roughly halfway through the 
stroke. 
Analysis of air cylinder process 
Assuming polytropic processes in both the supply and 
outlet end. 
P V 	 Cl 
S S 
(a) 




P S I p = instantaneous pressures in the supply and 
outlet end respectively 
V, V = instantaneous volumes in the supply and 
outlet end respectively 
n = polytropic index for the supply end and is variable 
depending on inflow of air into the cylinder during 
movement of the piston. 
n = 0 assumes immediate replenishment of air into the 
supply end, i. e. no pressure drop. 
n = 1.4 assumes no appreciable inflow of air during 
travel of piston. 
m = polytropic index for the outlet end. As with n, it is 
variable depending on the ability of the air in the 
outlet end to escape. A limit of m = 1.4 assumes the 
outlet valve is completely closed. 
Cl. C2 = constants 
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to atmosphere 
Figure 4.2.1 (b) 
An approximate energy balance on the cylinder process can 
be assumed as: 
K. E. of moving = Work done by - Work done on - 	Work done in 
parts supply end closed end pulling model pipe 
For a preliminary investigation, the work done in pulling 
the model pipe can be put aside. Thus for a cylinder of length L 
with a piston of assumed negligible thickness: 
1/2 M u2 = A
X 
 P dx 	- 	A 
1LX0 	
dx 	(b) - 	x o 	$ 	 L-X 	C 
where: 
M = mass of moving parts 
u = velocity of piston 
A = cross sectional area of air cylinder 
x = distance of piston from supply end 
The assumption of polytropic processes in each end allows 
the evaluation of the integrals in Equation (b) as: 
Mu2P xjj 	x 	1 1 - P (L-  x )lL_xm 1 	1 	Cc) 
-( a 	 0 
2A 	n- 	..xJ -i 	m 	LtL-x) 
where: 
= outlet end pressure and can be taken as approximately 
atmospheric initially 
By differentiation of Equation (c) with respect to x, u 2 
	




x 	 P 	L 	m 	 (d) 
opt 
a (o - 	a ( L _x0 
opt ) 
	= 'x  
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The piston eventually comes to rest when x = x 1 given by 
Equation (c) when u = 0. 
P x r 	X n-il 	P ( L - x ) r L - X 	rn-I 	1 	 (e) 
°Ii----  
	
- 1L ' (. x1) J m - 1 	L%.L - x1J 	J 
The distance at which the piston comes to a halt from 
the supply end, x 1 , is related to the final pressure in the outlet end, 
P
b
-. Assuming a polytropic process in the outlet end, 
P (L - x )rn 
	
= 	P CL - 




x1 	= 	L(Pa/Pb 	
rn
) (L -x 0 
Results from analysis 
The approximate behaviour of the air cylinder can now be 
pre - determined if some numerical values are assigned to the various 
parameters. 
The maximum velocity of the piston is dependent on 
three parameters: 
i) the replenishment of air into the supply end of the cylinder during 
travel of the piston. It is not feasible to have a large diameter 
conduit leading from the reservoir of the air compressor to the 
supply port in the air cylinder, even if it means a value of n 
nearer to zero. On the other hand, there must be some degree of 
replenishment no matter what size of conduit is used ( 3/4 
used in apparatus ) and hence n cannot reach the extreme of 1.4. 
In the absence of any experimental verifications, an approximation 
of 0.70 ( n 	1.40 is not thought to be unreasonable. 
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the operating pressure, P. The maximum allowable operating 
pressure is 10 bars, so a range of operating pressures up to 
10 bars will be included in the preliminary calculations. 
the distance at which the piston is initially clamped from the 
supply end, x. In general, a further x means a larger 
volume of compressed air at pressure P. 
All the above three parameters will, 	apart from 
influencing V 
max opt 
• also influence x and xi, the distance of the piston 
from the supply end when it achieves Vmax and the distance when it 
is eventually halted by the build - up of pressure in the outlet end 
to P respectively. 
A computer program is next developed ( Program P3 ) to 
evaluate x , x and V 	for various anticipated values of m, n, P 
opt 	1 	max 	 o 
and x. In addition, the following data are used: 
M = 11.4 kg 
piston & seal - 1.3 kg C from product information 
piston rod - 10.1 kg C from product information 
P = 1.0 bar C atmospheric 
a 
P b =11.0 bar 
Table 4.2.1 gives the approximate behaviour of the 
cylinder for n = 1.05. 
It 	is 	important 	to 	appreciate at 	this stage 	that in 
arriving 	at 	the 	above 	results, 	friction 	losses and 	pressure drops etc. 
have not been 	taken into account. 	Also the additional energy required 
to pull the model pipe was 	not considered. The value of 	M 	= 	11.4 kg. 
may have 	to 	be increased 	substantially 	because 	other attachments will 
be required for attaching the piston rod to the model pipe. 
126 
Suitability of the air cylinder 
All the analysis done so far and the results obtained on 
the air cylinder are only preliminary works used in ascertaining its 
suitability for its proposed task. 
However, three very important estimates have been 
accomplished: 
the range of velocities the piston is capable of 
the distance at which the piston will come to a halt from 
the supply end, x 1 . This is especially important for safety 
reasons. 
the distance from the supply end at which the piston will be 
at its maximum v 'locity, x 
opt
. The difference between 
x 
opt 	 o 
and x yields the 'useful range' of the stroke 
where results can be obtained. 
These estimates showed that the air cylinder was suitable. 
125 
Table 	4.2.1 
ASSUMING VALUE OF n: 1.05 
Po 	 Xo (ii) 
(bars) 
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 
	
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 1.30 1.31 	1.32 
0.05 0.10 0.15 0.20 0.25 8.36 6.35 0.40 0.45 0.56 
0.0 	0.0 	0.0 	0.0 	6.6 	0.0 	0.0 	0.0 	0.6 	0.0 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 1.30 	1.31 	1.32 
2 	0.09 0.18 0.26 0.33 6.41 0.47 0.54 0.60 0.65 0.71 
1.5 	2.1 	2.3 	2.8 	3.0 	3.2 	3.4 	3.5 	3.6 	3.7 
1.24 1.25 	1.28 	1.27 1.27 	1.28 	1.29 1.30 1.31 	1.32 
3 	0.13 0.25 0.35 0.44 0.52 0.5? 0.66 0.72 0.78 0.83 
2.8 	3.8 	4.5 	3.6 	5.5 	5.8 	6.1 	6.3 	6.4 	6.5 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 	1.30 	1.31 	1.32 
4 	0.17 0.30 0.42 0.52 0.60 6.68 0.75 0.81 	6.86 0.92 
3.9 	5.3 	6.2 	7.0 	7.5 	8.0 	8.3 	8.6 8.8 	9.0 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.2? 	1.30 	1.31 	1.32 
5 	0.20 0.35 0.48 0.58 0.67 0.75 0.81 0.87 0.93 0.98 
4.8 	6.6 	7.8 	8.7 	9.4 	9.9 	10.3 	10.6 	16.9 11.1 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 1.30 1.31 	1.32 
6 	0.23 0.40 0.53 0.64 0.73 0.80 0.87 0.93 0.98 1.02 
5.7 	7.8 	9.2 	10.2 	11.0 	11.6 	12.1 	12.5 	12.8 	13.6 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 1.30 	1.31 	1.32 
7 	0.26 0.44 0.58 0.68 0.77 0.85 6.91 	6.97 1.02 1.t6 
8.6 	8.9 	10.5 	11.7 	12.6 	13.3 13.8 14.2 14.5 	14.8 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 	1.29 1.30 	1.31 	1.32 
8 	0.29 0.48 0.62 0.73 0.81 	0.89 0.95 1.00 1.03 1.0? 
7.4 10.0 	11.7 	13.0 	14.0 	14.8 15.4 	15.8 16.2 	16.4 
1.24 	1.25 	1.26 	1.27 	1.27 	1.28 1.29 1.30 1.31 	1.32 
9 	0.31 0.51 	0.65 0.76 0.85 0.92 0.98 1.03 1.08 1.12 
8.1 	11.0 	12.9 	14.3 	15.3 	16.2 	16.8 17.3 17.7 17.9 
1.24 	1.25 	1.26 	1.27 	1.27 1.28 	1.29 	1.30 	1.31 	1.32 
to 	0.33 0.54 0.69 0.79 0.88 6.95 1.01 	1.06 1.10 1.14 
8.8 	11.9 14.0 	15.5 16.6 	17.3 	18.2 18.7 19.1 	19.4 
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4.2.2 Tension and compression load 	cell 
	
In selecting a suitable load 	cell, many considerations 
have to be made. Apart from being able to respond fast enough to 
enable several ( six ) readings to be made within milliseconds, it must 
also be able to sustain compressive loadings without damage when the 
piston and the model pipe is decelerating. It must also be 
sufficiently light in weight, be of the right size and dimensions, and 
of an ideal shape suitable for incorporation within the model pipe 
assembly ( Figure 4.2.2 (b) and Plate 1 ). 
The next most important parameter towards its eventual 
selection is its range. To determine this, intended dimensions and 
masses of model pipes with differing half angles of crack opening, 8, 
buried to different depths have to be considered. The modified 
Italian theory is then employed to arrive at an approximate force, FE. 
required to pull a particular model pipe buried to a certain depth. 
Equally 	important 	too 	is 	the 	evaluation of 	the 
accelerations of the piston and the model pipe to V under varyingmax 
assumed conditions. The technique employed in evaluating the velocities 
and accelerations is described in detail in Subsection 4.2.3. It is 
important to know the accelerations of the model pipe, not so much 
in the sense that it grossly influences FE.  but rather to enable the 
subtraction of the inertia offered by the model pipe, F, from the 
total load 	cell output ( FE + F + F  ) where F  is the frictional 
resistance on the periphery of the model pipe. F 	can be a 
significant portion of the total load - cell output as will be 
illustrated in Chapter 5 when analysing the experimental results. 
After some preliminary calculations to ascertain the 
anticipated range of loads, a tension - compression load cell, model 
'TCLP - 200 KA', manufactured by "Tokyo Sokki Kenkyujo Co. Ltd." 
was selected. Its brief specifications and technical data are as 
follows: 
127 
Range 200 kgf 
Rated output 1.5 	mV / V + 	0.57 
Linearity 0.21 	FRO 
Hysteresis 0.1Z 	FRO 
Repeatability 0.1Z 	FRO 
Natural frequency 15 KHz 
Over load Allowable 	150Z 	Breaking 300Z 
Figure 4.2.2 (a) shows a picture of the load - cell whilst 
Figure 4.2.2 (b) shows the arrangement of the load - cell within the 
model pipe assembly. 
Figure 4.2.2 (a) 
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input /output cord 
front alu"Wourn couphng 	 aluminium cciglUiq 
frcn* puce of 
	
piece of model pipe 
cradc 
Figure 4.2.2 (b) 
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4.2.3 Velocity and acceleration measurement: ADDaratus & Technique 
The 	apparatus used 	to 	determine the 	velocity 	and 
acceleration of 	the 	piston employs 	a 	horizontal array 	of 	six 	equally 
spaced photo 	- 	 detectors in 	collaboration 	with a 	microprocessor. 	A 
special torch, 	whose 	beam can 	be 	focussed 	to a 	vertical 	line, 	is 
saddled on to the attachments linking 	the 	piston rod and the model 
pipe 	( Figure 	4.2.3 	(a) 	and Plate 	2 	). 
direction of travel 
I light beam 
000000 
'N. array of 6 photo - detectors 
Figure 4.2.3 (a) 
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As the clamp is released, the piston ( and therefore the 
model pipe including the torch's beam ) will accelerate to a maximum 
velocity and then decelerate to a halt. In doing so, the beam will 
pass the photo - detectors sequentially. The microprocessor is 
programmed such that as the light beam passes each photo - 
detector, a count of the time since the source passed the last photo 
- detector is stored. In this way, the system enables the 
measurement of five time intervals. A short time ( 0.17 ms ) after 
the source passes each photo - detector, a reading from the load - 
cell is made. After each run, these data C stored in hexadecimals 
may be found in the various addresses in the memory of the 
microprocessor and conversions to force and time can be made. 
At this stage, the reader may question the necessity for 
determining the velocity and acceleration of the piston in this manner 
when Equation (c) from Section 4.2.1 has apparently described the 
velocity of the piston as a function of its distance, x, from the 
supply end. The thought behind this is that even if all the terms in 
Equation (c) ( Subsection 4.2.1 ) could be adequately determined, 
including the m and n values, the theoretical answers obtained for u 
might still not be reliable because of various unquantifiable losses; that 
of friction between the piston and the cylinder bore and pressure 
drops etc. Therefore measurements of the motion of the piston are 
needed to check and, if necessary, modify the theory. All the various 
unquantifiable losses will manifest themselves collectively, including work 
done in pulling the model pipe, in the curvature of the x = f C t 
relationship from sets of collected data points. Different runs will 
yield basically the same x = f ( t ) curve but with differing 
curvatures, thus resulting in different velocity and acceleration 
profiles when differentiated once, and then once again. 
Equation (c) from Subsection 4.2.1 describes the velocity 
of the piston as a function of its distance, x, from the supply end. 
With some re - arranging, 
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U
2 	 n-i 
= 2 A P x 	,x 	1 2AP_(L-x)IL-x )m 1 
M(fl_l) ['L) ] 	 M(m_i)[(L 	x 
.(a) 
For a particular run, 2 A P x and 2 A P C L - x 
	
0 a 	 a 	 a 
M (n - 1) M (m - 1) 
are constants, thus: 
u2 =A +A 	
1-n 
1 (x) 	~ A 	
i-rn
2 (L-x) 	(b) 
0 
where: 
A = 2 A P x 	+ 2 A P (L - x 
0 	 0 0 a 	 0 
M (n- 1) 	 M (m- 1) 
A = -2A P 




M 	(n - i) 
A = - 2 A P ( L - x 
2 	 a 	 0 
M 	(rn -i) 
A • A and A are constants for a particular run. 
0 	1 	2 
Substituting dx / dt for u in Equation (b), we get 






The above is a non - homogeneous differential equation of 
second degree and first order where x = f ( t ) cannot be explicitly 
evaluated and hence we have to rely on numerical methods. There are 
various numerical methods available for solving a differential equation, 
amongst the more popular are Eulers method, Milnes method and 
various forms of Runge - Kutta methods. The advantage of the Runge 
- Kutta methods over Eulers method is their vastly greater accuracy 
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for 	comparable 	amounts 	of calculations 	whilst 	the advantage 	over 
Mime's method is 	partially 	its stability 	and 	partially 	its self 	- 	starting 
characteristic. Mime's 	method requires some other methods to 	provide 
the first few points. 	For the above reasons, a Runge - Kutta method 
was employed in the search for x 	= 	f 	( 	t 	). 
A computer program was developed ( Program P4 ) using 
Runge - Kutta - Merson method to numerically solve Equation (c). A 
typical plot of the x = f ( t ) relationship is shown in Figure 4.2.3 
(b). If the best x = f ( t ) is fitted to the data collected, the 
first differential, 	= f' ( t ), will yield the velocity - time 
relationship whilst the second differential, 	= f" C t ) will yield the 
acceleration - time relationship. 
In this way, the load 	cell outputs corresponding to 
instantaneous combination of velocity and acceleration can be obtained. 
The shape of the x = f ( t ) curve depicted in Figure 4.2.3 (b) is a 
typical "growth" curve and is somewhat expected as the piston 
accelerates to a maximum velocity and then decelerates to a halt. 
The following data have been employed in arriving at the 




P 	= 6.14 bars ( assumed 0 
= 1.01 bars C atmospheric pressure only 
x 	= 0.520 m C actual and used in the experiments 
L 	1.616 m C actual and used in experiments 
A = 1.2272 x 10-2 
2 
m 	C from product information 
M = 22.4 kg C estimated to include all moving parts 
m, n = 1.25 C assumed 
Motion oP mr-cylinder's piston 
1500 
j 1 300 	
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Figure 4.2.3 (b) 
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What has been described so far is only an initial step in 
the search for the ultimately desired I = F ( t ) relationship. x = f 
t ) has to be modified by at least two more steps before it can be 
finally employed as I = F ( t ) as defined on the following page. 
Step ( I 
In the experiments carried out, the time taken by the 
light beam to travel from rest C piston clamped at x from the 
0 
supply end ) to the first photo - cell is not determined. ( This is 
deliberate as it is desirable to keep the light beam at some distance 
d ) away from the first photo - cell; otherwise the system will 
trigger prematurely ] Nonetheless, this can be easily overcome by 
modifying Equation (c). In reality, it simply means a shift of the 
origin from 0 to 0 whilst maintaining the same curve as depicted in 
Figure 4.2.3 (c). 
X 
Xo+d 	 t 
XO 
of-------- -- ----t 
Figure 4.2.3 (c) 
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The 	origin 	is now at ( x + d 
It can also be shown that the new -Form of Equation (c) is 
now: 
(dl/dt) 2 A +A 
1 	 2 
(x +d+l)'+A (L - x _d_l)lm 
0 	 o 	 o 
where: 
= distance travelled by light beam from 1st photo - cell 
d = distance travelled from rest by light beam ( when piston 
is clamped at x from supply end ) to 1st photo - cell 
known 
Two different values of d have been used in the 
experiments ( 17 mm & 25 mm ), but in the illustrative plot of I 
F C t ) 	 depicted in Figure 4.2.3 (d), d has been taken as 
0 	 m.n = 1.25 
25 mm. 
Before taking the second and final step, we need to see 
how some experimental data will compare with the illustrative 
intermediate I = F ( t ) plot depicted in Figure 4.2.3 (d) which has 
assumed P = 6.14 bars. This value was deliberately chosen to 
0 
correspond with an actual experimental run the 	data for which are 
on the following page. 
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Data for RUN 8-01 
1/2 angle of crack opening, 0 = 8.03 0 
Depth of burial, b = 0.10 m 
Operating pressure of air cylinder = 6.14 bars ( 89 psi 
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These experimental points are superimposed onto the plot 
of Figure 4.2.3 (d) as depicted in Figure 4.2.3 (e). As can be 
reasonably expected, all the experimental points with the exception of 
the first ( of course ), lie below the theoretical curve. The following 
could be the reasons: 
m and n values may not be 1.25 each as assumed in the 
illustrative plot for I = F ( t 
0 
frictional resistance between the piston and the cylinder bore, 
and the work done in pulling the buried pipe have so far 
been deliberately excluded in the derivation 
So an obvious difficulty seems to have arisen, but the 
problem can be solved. The technique involved is not to assume fixed 
values for m and n ( whose values are unknown anyway ) but rather 








A fairly complicated program ( P5 ) is next developed to 
achieve this whereby a call is made to Routine E04CGF in the NAG 
Program Library for every possible combination of reasonable m and n 
values. 
I icaic 
( I = 1,..,6 ) are evaluated for varying combinations 
of m and n values within Program P5 by incorporating part of 
Program P6 whilst I 
iexpt 
 ( I = 1,..,6 ) are simply inputs to Program P5. 
For any combination of m and n values, Routine E04CGF 
evaluates F ( m, n ) and this will continue until no further progress 
can be made, i.e when F ( m, n ) is reached and final values of m 
mm 
and n evaluated. 
139 
Figure 4.2.3 (f) shows that the I = F ( t ) curve whose 
values of m and n are allowed to "float" is now very much closer to 
the experimental points. 
But this is not good enough as we need to differentiate 
F 	( 	t 	). 	As differentiation is 	basically 	a "roughing - up" process, 
0 
the experimental 	points need 	to be more or less 	on 	the curve 	itself 
so 	as 	to 	maintain 	a reasonable degree 	of accuracy. 	So 	one 	last 
manipulation 	has 	to 	be made to I 	= 	F 	( 	t ) 	before 	arriving 	at 	the 
ultimately desired 	I 	= 	F ( 	t 	). 
Step C ii 
So far the frictional resistance between the piston and 
the cylinder bore, and the work done in pulling the buried pipe have 
not entered into any of the derivations. Their combined role in 
influencing the piston's motion is highly complicated and perhaps 
54 
unquantifiable, and it has been suggested C Dr. D. Taylor I to include 
their combined influence as two additional degrees of freedom to I = 
F ( t ) such that the final desired I = F ( t ) is: 
0 
=F(t)+G(t)+H(t 2 ) 	 (e) 
where: 
G and H are variable coefficients 
What is really happening is that more flexibility is allowed 
to I = F ( t ) and therefore it will "wriggle" itself even closer to 
0 
the experimental points. 
Finally, 	on differentiating I 	= 	F 	( 	t 	) 	once, 	and then once 
again, 	the velocities 	and 	accelerations of the system can be computed 
each 	time the 	light 	beam 	triggers a 	photo 	- 	cell. 	As mentioned 
earlier, 	a reading 	from 	the 	load 	- cell 	is 	also 	made 	at the 	same 
instant. 
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Figure 4.2.3 (g) shows a clipping from Program P5's output 
after 150 "function calls" when F C m , n I
mi n 
is sufficiently small at 
0.5936 mm2. The intermediate velocities and accelerations refer to 
instantaneous velocities and accelerations at the 2nd, 3rd, 4th, 5th 
and 6th photo - cell. 
Z.-:AFTER 150 FUNCTION CALLS, FMIN IS 
Intermediate velocities (mis) 
Inter.., 	accelerations (m/s2) 
--Calculation with TOL = 0.000000G01 
:'IFAIL = 0 
0.5936 
4.56 	5.53 	6.13 	6.54 	6.85 
129.46 	90.07 	65.70 	5a.89 	41.65 
Time (second) 	 Mea.dist (mø,) 	 CaLc.dist (m.) 
	
0.C1217 	 45.0 	 . 	44.5 
0.02114 90.0 90.0 
0.02891 	 135.0 	 133.4 
0.03596 :180.0 ,. 	 18.2 
0.04261 	 1.25.0 	 224.7 
Figure 4.2.3 (g) 
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These answers are obtained only after very lengthy 
computer calculations because the method employed by Routine E04CGF 
Simplex method ) itself is slow. 
However, it has been found that if a 3rd degree 
polynomial curve is fitted to the data points, the answers obtained 
are not significantly different. A 3rd degree polynomial fit yields the 
following answers. 
photo - cell: 	1st 	2nd 	3rd 	4th 	5th 	6th 
velocity (m/s) 	2.84 	4.50 	5.47 	6.13 	6.60 	6.91 
acceler. (mIs 2 ) 	 152.13 	119.81 	95.99 	75.36 	56.64 	38.98 
C Program P5 is not able to calculate velocity and acceleration 
at 1st photo - cell ] 
Since a 3rd degree polynomial curve - fitting program 
requires only a fraction of the time to execute as compared with 
Program P5, it is felt worthwhile to accept a small loss of accuracy 
bearing in mind the unquantifiable combined role of frictional 
resistance between the piston and the cylinder bore, and the work 
done in pulling the buried pipe ) and adopt a 3rd degree polynomial 
as the ultimately desired I = F ( t ) relationship within our range of 
collected data. It must be emphasized at this juncture that nothing 
has been wasted in developing and arriving at a relationship which we 
ultimately do not use. Indeed it has led us to the most suitable 
data fitting curve to use. More than one empirical curve will 
adequately and reasonably fit the data points by eye, but on 
differentiating once will yield velocities that are fairly distant from 
those of Figure 4.2.3 (g) and on differentiating once again, will yield 
accelerations that do not resemble those of Figure 4.2.3 (g). 
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4.2.4 Other ancillary equipment 
Air compressor and in - line valve 
To 	operate 	the 	air 	cylinder, a 	"Tecalemit" electrically - 
driven 	compressor with 	an 	automatic 	"start-stop" device incorporating 
a 	small 	reservoir 	( 	 62 litres 	capacity ) 	 capable 	of generating 	a 
maximum pressure of 300 psi 	( 	 21 	bars 	) is used in 	conjunction with 
a 3 - way lever operated in 	- 	 line 	valve 	( Plate 	3 	). 
The upper position of the lever directs compressed air 
into the outlet end of the air cylinder and this in effect pushes the 
model pipe assembly to its starting position whereupon it is clamped 
mechanically. 
The middle position of the lever is "neutral", i.e 
compressed air from the reservoir is simply discharged into the 
atmosphere and not into either the supply or outlet end. 
The lower position of the lever directs the compressed 
air into the supply end until the desired operating pressure. P 
0 , 
is 
reached. P is thence maintained until the clamp is released. 
By incorporating a bleed valve, P can be varied. 
Power supplies 
Four such devices were used. The first two, ( RS 4-12V, 
Coutant -15V -0- +15V ) drive the microprocessor, the third 
Microreg 0 -' 25V ) supplies the load - cell whilst the fourth 
Solartron ) supplies power to the special torch. 
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Voltmeter 
The voltmeter ( Solartron digital ) was First used to 
calibrate the load cell in collaboration with an "Instron" machine. 
This calibration was repeated each time before and after a new model 
pipe was used. 
Outwith these occasions, and when the sand was being 
placed, compacted and levelled, the voltmeter was connected by a 2 - 
way switch to the output from the load cell. Any gross variations 
in the output readings would indicate a disturbance to the pipe 
assembly ( This was not really necessary, but was nevertheless incorporated 
as a precaution ). 
Model pipes 
The following aluminium model pipe sections were used in 
the experiments; all of which are of 101.6 mm ( 4" Imperial ) nominal 
diameter: 
1 long ( 1430 mm ) unflared front section C permanently 
fixed to the piston rod 
1 short ( 750 mm ) unflared tail section 
3 short ( 750 mm ) flared tail sections with 0 = 5.18 0 , 
8.03° and 9.87 0 
Plate 4 shows a picture of the 4 shorter tail  sections. 
The details by which the front section and a tail section 
coupled together as a complete pipe assembly have already been 
sketched in Figure 4.2.2 (b). Nonetheless Plate 1 shows a clearer 
perspective view with the front half of the load - cell already 
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"homed - in" snuggly in the recess of the front aluminium coupling 
which in turn is a tight fit within the inner diameter of the longer 
front unflared section, and held in position by 4 high shear screws. 
The 	other 	half of the 	aluminium 	couplings ( 	its 	hidden 
recess of diameter 	equal 	to the outer diameter of the load 	cell 
next slid onto the 	rear half of the 	load 	cell and 	was then 	held 	in 
place 	by the 	bolt. 	If 	a pull was 	exerted 	on the 	aluminium 
couplings, the 	load 	cell would experience 	a 	tensile 	force equal 	to 	the 
magnitude of the 	pull. 
Finally, to complete a model pipe assembly, any of the 
tail sections could be simply incorporated by sliding over the rear 
aluminium coupling, and again held in place by another 4 high - shear 
screws. 
The unflared tail section was used to estimate the 
frictional resistance around the periphery Of the other tail sections 
on the assumption that this was not affected by their flared shape. 
The three flared sections had their shape maintai ned by b 	shaped 
steel bracings and were filled with 	lightweight polystyrene C Plate 
5 ) to prevent ingress of sand into the sections. 
One of the 	short 	flared tail 	sections ( 	8 	= 	5.18 0 	) 	was 
first 	used without 	a 	steel 	bracing and 	8 was measured 	to 	have 
decreased to 	3.980 	during 	a 	test 	run. It 	was then 	treated 	as 	an 
individual flared 	tail 	section 	of 	8 = 	3.980 and a 	series 	of 	runs 
performed. In 	this way, 	four 	different 	sets of experimental 	results 
were 	achieved. 	As 	we 	shall 	see later, results for 8 	= 	3.98 0 	were 	on 
the 	whole very 	unsatisfactory. 	The reasons underlying 	this 	will 	be 
discussed 	in Chapter 5. 
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Sand box 
A plywood box of length 1.75 m, width 0.50 m and height 
0.40 m with a split detachable front end piece ( Figure 4.2.4 (a) 
was used to contain the sand to varying depths C 0.10 m, 0.15 m, 
0.20 m, 0.25 m and 0.30 m ) around the model pipe assembly. The 
sand was prevented from spilling out through the front by the 
inclusion of a "Terram" fabric adjacent to the detachable front end 
piece with a hole cut marginally larger than the outer diameter of 
the model pipe sections ( Plate 6 ). 
Figure 4.2.4 (a) 
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The size of the box was a compromise between the 
desirability of minimising the work involved in placing the sand and the 
need to ensure that the side walls did not affect the experimental 
results. The latter criterion was considered at the design stage by 
assuming, as in the Italian theory, that the zone of disturbance of 
the sand would be bounded by lines drawn at 45 0 to the vertical 
from the tangent points of the flaps. 
Sand 
The sand used in the experiments was a washed medium 
uniform sand and is commercially known as "Garside 21" obtained from 
"George Garside ( Sand ) Ltd." of Leighton Buzzard. Its internal angle 
of friction, p, is 37
0 
 ( Appendix 1 ) whilst its mass density, g , is 
1540 kg/rn 
3 
 ( Appendix 2 ). 
$ 
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4.3 Summary of test programme 
A total of 55 tests was carried out with the flared 
 0 	 0 	 0 
sections with 8 = 3.98 0 ,   5.18 • 8.03 and 9.87. Each of these -Flared 
sections was tested at five different depths. In most cases three 
runs were performed at different air cylinder operating pressures. In 
this way a wider spread of velocity and acceleration values was 
obtained. 
This programme of tests is summarised in Table 4.3.1. 
In addition 26 tests were made with an unflared pipe 




1/2 crack angle Depth of burial No. of runs Operating pressure 
b 	(m) C 	psi 
0.10 3 76.5, 	99, 	101.5 
0.15 2 101, 	101 
3.98 0.20 2 102, 	102 
0.25 2 117, 	117 
0.30 1 117 
0.10 3 85, 	93, 	104 
0.15 3 89, 	98, 	111 
5.18 0.20 3 90, 	101.5 1 	111.5 
0.25 3 90.5. 	102, 	110 
0.30 3 91.5, 	103, 	112.5 
0.10 3 100, 	110 
0.15 3 84, 	99, 	116 
8.03 0.20 3 101, 	110 
0.25 3 100, 	110, 	118 
0.30 3 95, 	105, 	115 
0.10 3 91. 	100, 	112 
0.15 3 100, 	111 
9.87 0.20 3 88, 	103.5, 	110 
0.25 3 91, 	102, 	110 
0.30 3 90, 	101, 	109.5 
149 
Analysis and Discussion of Results Obtained 
5.0 Introduction 
When first analysing the experimental results a technique 
known as"Dimensional Analysis" was employed. From this the broad 
effect of various physical quantities ( b. V. V and 8 ) was identified. 
Thereafter a direct comparison was made with theoretical 
estimates of the flap restraining force. These estimates were based 
on a suitably modified form of the Italian theory. 
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5.1 Application of Dimensional Analysis 
The Buckingham TI theorem is one of the most general 
theorems of dimensional analysis. Basically it is a technique to arrange 
the variables, in any specific problem, into suitable non - dimensional 
groups or quantities that are functionally related. By convention, the 
non - dimensional quantity containing the particular physical quantity 
which is of specific interest C in this case FE ) is usually called the 
non - dimensional coefficient C in this case FE I V g b3 ), whereas 
the non - dimensional quantities on which it depends are called non" - 
dimensional parameters C in this case only ( Vb ) 1/2 / v . 
Assuming that the operating pressure of the air cylinder 
determines the velocity and acceleration profiles Of the piston, 
FE 	f 	(V,V,b,p S 
) 	 ( a ) 
where: 
FE = flap restraining force in newtons ( M L 
V = velocity in m / S ( L 
V = acceleration in m /s 	 ( L 
b = depth of burial in metres C L 
density of sand backfill in kg / m 3 ( M L 3 
There are 5 variables, thus giving 2 11 groups. 	Choosing 
and b as the three variables, amongst them containing M. L and 
1: 
11
a1 	bi 	C 	1 
- V g 	b Fr. 
ç 	
( b ) 
1 	- 	 s  
•a2 	b2 	c2 	-1 
11 2 
	
= V p 
S 
b V ( c ) 
- symbol to denote dimensional equality 
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From Equation ( b ), 




 ML T2 )_l 
Equating indices yields: 
all = 1 
bi = 1 
ci = 3 
Thus: 
= 	Vpb3 or FE 
Vpb 
From Equation C c 
M 0 L 0 T0 = ( LT_2 )a2 (ML_3 )b2 (L)c2 (LT_l)_l 
Equating indices yields: 
a2 = 1/2 
b2 = 0 






= 	(V b )1/2 / 
Now according to the theory of Dimensional Analysis. 
) 	( for a particular 8 ) 	. C d 
i.e if all the related physical quantities concerned are embodied in the 
assumptions ( Equation ( a ) ), { F / " g b3 } must be functionally 
related to { C '? b )1/2 v }. E 
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5.2 Derivation of the theoretical flap restraining force 
In the development of their mathematical model the 
Italians evaluated an energy term ( dDb/dt ) arising from the 
restraining effect of the soil4 . 
In the model experiments measurements were made of the 
force which had to be overcome in pulling the model pipe through 
the soil. It is therefore necessary to modify the Italian theory to 
calculate from it the corresponding force on the pipe flaps. 
In deriving the flap restraining force FE. we will borrow 




, ( direction of pipe axis 
Figure 5.2 (a) 
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Consider now an elemental strip of the fracture, dE wide 
in the direction of the pipe axis, and let the leading edge of the 
elemental strip open up to an angle ct whilst the rear edge opens to 
a ( Figure 5.2 (a) ). 
Therefore over the elemental width dE, change in a is da 
where: 
dct = C a2 - 
The approximate area of this curved trapezoidal surface 
dE wide with a R and a2 R as the lengths of the sides is: 
dA' = dE .f0 drl 	where a R = 1/2 	R + a2 R 
The projection of this same curved trapezoidal surface in 
the x - y plane is: 
dAE 	1/2 ( a R )2 da 
Now f ( Equation ( k ) ) is acting parallel to the x - y 
plane and if the force normal to the direction of the pipe axis 




=dE 10 f(E, q)dq 
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If we proceed to evaluate the total force normal to the 
pipe axis acting on the 2 flaps of the fracture ( synonymous with the 
total force enveloping the flaps of the fracture ), it will lead us to 






env 	 0 	0 
In a similiar fashion, the elemental force, dFE. in the 
direction of the pipe axis acting on the elemental area ABCD at 
distance fl  from the tangent point is: 
dFE 	= 	f(cL, q )(d)r dr) 
The total force acting on the 2 flaps of the fracture in 
the direction of the pipe axis ( synonymous with the flap restraining 




From Equation ( e ) of Section 3.3, 
fl 	= 	pR 
dq 	Rdp 
Changing the variables of integration, 
FE = 2 
fCf(ct, 
 p)p R2 dpdct 
2 
	
2ff p 	 dipda 
00 
E 1 - r tan ( a - 	) ] 
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Finally, it can be shown that the total flap restraining 
force F is: 




+ p R3 V tan 8 	b C 9 - C10 
(- 
+ p R V2 tan  8 ( b C11 - C12 
S 
where: 
C7 	2 	 cos 	+ r sin 	) 	dtp dc 
	
1 1 - r tan C a - 	) ] 
C =2fJ( cos 	+r sin 	) 8 	00  
1 1 - r tan ( a - 	) ] 
c9 -2Jf 	 dipda 
(1-r tan (c-)]a sin cx cos (-) 





[1-r tan (-)]a sin ct cos (ct-) 
1 1 - r tan (cx-) ] ct 2 sin 2 a cos (a-f3) 
1 1 - r tan Ca- a) ] cx' sin -' 	cos (a-13) 
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b = 1 / cos 
lR 	
cos  ci 	sin  ci 	-psin(a - 	) 
cos 
- cos C ci - 
A computer 	program C Program 	PB 	), similiar to 	Program 
P2 	has been 	developed to 	evaluate C7 , 	C8 , 	C91 	C 10 , C 11 	and C 12 	for ci 
90
0 	200 	( 	tp 	( 	40 ° 	and 	= 	45 3 . 
The curves in Figure 5.2 (b), in common with those in 
Figure 3.3 (i), were achieved by calling routines from the ERCC 
Edinburgh Regional Computing Centre ) 'Graphpack' software from 
within Program PB itself. 
In evaluating and plotting the coefficients C 7 to C12 , the 
lower limit of all their outer integrals should be from zero and not 
rr/4. The reason for this is that no escaping gas was used in the 
experiments to expel an assumed wedge of soil between planes 
inclining at ir/4 to the vertical, as proposed by the Italian 
theory. 
This, however, was only possible for C7 to C10 . 	The 
curves of C 11 and C12 in Figure 5.2 (b) had been approximated 
retaining IT/4 as the lower limit of their outer integrals. The 
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5.3 Evaluation of F, Ff and FE 
Before the experimental values of FE can be successfully 
considered as functions of b, V. V. 8 and Q • two other quantities 
B 
which arise in the experiments. F 
a
and F , will have to be estimated. 
5.3.1 Inertia offered by model pi pe section, Fa 
In Subsection 4.2.2, it has been mentioned that apart 
from evaluating the velocities of the piston, it is also important to 
evaluate its accelerations; not so much that it can influence FE. but 
rather to enable the subtraction of the inertia offered by the model 
pipe, F, from the total load - cell output ( F + F a + F  )• 
The evaluation of F a is fairly straightforward. 	The 
instantaneous value of F 
ci max 
as the piston accelerates to V is simply 
the product of the mass of the tail section and the acceleration of 
the piston at that instant. 
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5.3.2 Frictional resistance on the periphery of the 
model pipe sections. Ff 
One assumption that 	has to 	be incorporated 	in 	evaluating 
F 
	is 	that 	the 	frictional resistance acting on 	the 	periphery 	of 	any 
flared 	tail 	section of 	any 1/2 	crack opening angle, 	8, 	is 	the 	same 	in 
magnitude as that 	acting on the periphery of 	an 	unflared 	tail 	section; 
buried to the same depth in 	similiar backfill. 
A series of runs was performed with the unflared tail 
section ( similiar length to all the other flared tail sections ) buried 
to various depths: 0.10 m, 0.15 m, 0.20 m, 0.25 m and 0.30 m; 
referred to the pipe axis. For these runs, the total load - cell 
output will only be the sum of F 	and F . 	Evaluation of F 
a f at 
described earlier, is fairly straightforward. 
The evaluation of F  is perhaps more involved as it is 
uncertain at this stage to what extent V and V will have an effect 
on F f . if at all. For a start they can be assumed not to have any 
effect, and F  thereby assumed as primarily a function of depth of 
burial, b. 
If this assumption is correct C as found to be later 
then the evaluation of F  is simply the difference between the total 
load - cell output ( F and F ) and F 
a 	f 	 a 
A statistical approach was employed whereby for a given 
depth of burial, the mean frictional resistance, F f , was evaluated. In 
addition to F f the standard deviation and the 95Z confidence limit 
were also evaluated. 
Table 5.3.2 shows the experimental results obtained after 
the statistical treatment. A total of 26 runs were performed; some 
depths of burial having more tests than others, but in any case not 
less than 4. Each test yields 6 load - cell readings and corresponding 
160 
times, but it has been felt better to leave out the first from each 
test in the evaluation of F 1 . The reasoning behind this is due to the 
behaviour of the air cylinder ( Figure 5.3.2 (a) ) whereby very high 
values of acceleration are obtained initially when the piston more or 
less "jerks" from rest and hence F is large compared to the total 
load - cell output, F + F . If the aim is to measure F , then this 
can be achieved when F 1 is a significant proportion of F + F f ; and 
this is when the data are collected from approximately the 2nd photo 
























0.10 4 20 243.3 43.7 + 20.4 254 
0.15 8 40 396.5 34.7 + 10.8 379 
0.20 4 20 503.5 39.5 + 18.5 504 
0.25 6 30 619.1 44.7 + 16.0 629 
0.30 4 20 758.5 29.8 + 14.0 755 
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Table 5.3.2 also shows a small confidence interval with a 
high confidence limit for all the various depths of burial. If F was 
also dependent on V and V. then this would have been indicated in 
Table 5.3.2 by a large interval with a low degree of confidence for 
most if not all of the various depths of burial. 
Using 	the 	data 	from 	Table 	5.3.2, 	F  can 	be plotted 
against b and 	this 	is 	depicted 	in 	Figure 	5.3.2 	(b). 	A straight line 	can 
be 	fitted to 	the 	relationship 	between 	
F 
	and 	b and 	the slightly 
adjusted mean 	frictional 	resistance evaluated. 	This is given 	in the last 
column of Table 	5.3.2. 
—bo direction of piston's travel 
1' 
let 	2nd 	3rd 	4th 	5th 	6th 
Approis. positions of photo — cells 
Figure 5.3.2 (a) 
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Figure 5.3.2 (b) 
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Appendix 3 gives a theoretical approximate approach to 
the evaluation of the mean frictional resistances on the periphery of 
the pipe. 
The similiar answers obtained for F 	theoretically and 
experimentally add confidence to both the velocity - acceleration 
measurement technique employed and the accuracy of the load - cell 
readings. 
We shall assume that the same amounts of frictional 
resistance will occur when a flared tail section is fitted. 
Finally Figure 5.3.2 (c) depicts how a typical total load - 
cell output is composed of F, F  and FE  for a buried flared section. 
In the case of the unflared section, FE is absent. 
I 	 I 	 I 	• I 
1st 	2nd 	3rd 	4th 	5th 
	
6th 
Approx. positions of photo - calls 
Figure 5.3.2 (c) 
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5.3.3 The flap restraining force. FE 
Having evaluated F 	and F , it is then a matter of 
subtracting these two quantities from the total load 	cell output to 
arrive at the crack restraining force, FE ( Figure 5.3.2 (c) ). 
Hence for each test run six instantaneous values of FE 
can be obtained for a particular flared section buried to a known 
depth. 
These values of FE(expt) correspond to instantaneous 
combinations of V and V. 
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5.4 Analysis of experimental results using Dimensional Analysis 
We shall now consider the effects of various parameters, 
e.g. b, V. V and 8, on the flap restraining force FE. 
The 	result of 	the 	dimensional 	analysis 	in Section 	5.1 
suggested a 	functional relationship 	between 	{ 	F 	V 	g b 3 	} 	( 	the 
non 	- 	dimensional coefficient 	) 	and 	{ 	( 	Vb 	) / 	V 	} 	C the non 	- 
dimensional parameter 	). It 	is 	convenient 	to 	look 	on the 	non 	- 
dimensional coefficient as 	a 	dependent 	variable 	and the 	non 	- 
dimensional parameter as the independent variable. 
To find out what this relationship is, it is necessary to 
plot { FE / V g b 3 } versus { ( Vb )2 / v } and then fit the 
data to some of the more common curves 
A total of 55 tests were made with the flared tail 
sections; and the results presented both in tables and graphs as 
follows: 
1/2 crack angle, 8 	Table 	 Graphs 
3.98 ° 5.4  Figs. 5.4 (a)-1 to 5.4 (a)-5 
5.18 ° 5.4  Figs. 5.4 (b)-1 to 5.4 (b)-5 
8.03 ° 5.4  Figs. 5.4 (c)-1 to 5.4 (c)-5 
9.87 ° 5.4  Figs. 5.4 (d)-1 to 5.4 (d)-5 
* Curve Fitting Package ( W. M. Kolb, 1982 ) for HP calculators 
P. 0. Box 140, Bowie, Maryland, USA 
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With the 	exception 	of 	some 	shallow 	depths 	of 	burial, 
particularly 	those with 	8 	= 	3.98 0 , the 	typical 	relationship 	between[ 
FE 	/ V 	g b3 	} and 	{ 	( 	Vb 	
)1/2 v 	} 	is 	hyperbolic. 	In 	addition, 	it 
exhibits 	a steep descent along 	the y - 	axis 	and 	levels off 	faster 	on 
the 	x 	- axis. Because 	of 	this property, 	it 	is 	a 	second 	order 
hyperbola of 	the form 	y 	= a 	+ b/x 	+ 	c/x 2 	and 	this 	is 	further 
confirmed by 	relatively high 	r 2 	( coefficient 	of 	determination 	) 	values 
for most of the graphs. 
At this juncture, it is appropriate to say something on 
the coefficient of determination. 	Generally, it gives some indication 
about the curve fitted: whether it is a good fit or not. 	The r2 
value will be 1 when all the data points fall exactly on the curve 
selected and is 0 for random points. 
In the rest of this section we shall make use of this 
relationship in considering the effect of the variables b, V. V and 8, 
on the flap restraining -Force. 
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Table 5.4 (a) 
1/2 	crack 	opening 	angLe, 	9 = 3.98° 
DEPTH 	OF 	BURIAL , 	b : 	0.10 m DEPTH 	OF 	BURIAL 	b = 0.15 m 
OPERATING 	PRESSURE 	76.5 psi OPERATING 	PRESSURE 	:101.0 psi 
F1 (Vb) F6 (b)Y2 
vet. acc. F6 if., b 5 y vet. 11CC. F6 V v V 
rn/s rn/s 2 N rn/s rn/s 2 N N' 1110 
(x10 3 ) 
H' L' T' H' 1 , 1° 
(x101 
H°L'T' 
2.21 144.35 -38 - - 2.76 159.13 228 275.7 1.770 
4.21 115.43 14 78.8 0.807 4.72 137.06 252 353.7 0.961 




















6.65 64.48 -1 - - 7.53 96.77 171 340.0 0.506 
7.07 50.77 -22 - - 8.13 85.93 144 322.4 0.442 
OPERATING 	PRESSURE 	= 99.0 psi OPERATING 	PRESSURE 	:ioi .0 psi 
2.83 165.61 63 247.0 1.438 2.77 155.11 158 196.0 1.741 
4.84 143.72 87 393.1 0.738 4.69 134.31 242 346.7 0.957 
2 nd 	run 6.08 128.32 69 349.2 0.589 5.89 119.52 192 309.1 0.719 
7.01 115.48 45 253.0 0.485 6.79 107.11 168 301.8 0.590 
7.76 103.99 20 124.9 0.416 7.49 96.33 141 281.6 0.508 
8.36 93.58 8 55.5 0.366 8.08 86.17 114 254.5 0.445 
OPERATING 	PRESSURE 	= 101.5 	psi OPERATING 	PRESSURE  
2.29 197.82 -27 - - 
4.77 158.85 44 179.9 0.836 
3rd 	run 6.12 133.08 60 292.8 0.596 
7.05 111.78 52 302.1 0.474 
7.73 93.18 71 494.8 0.395 
8.26 75.47 56 481.8 0.333 
(0 
Table 5.4(a) (cant.) 
1/2 	crack 	opening 	angle , 	0 = 3.98° 
DEPTH 	OF 	BURIAL 	b : 0.20 m DEPTH 	OF 	BURIAL • 	b 0.25 m DEPTH 	OF 	BURIAL , 	b = 	0.30 m 
OPERATING 	PRESSURE 	102.0 psi OPERATING 	PRESSURE 	:117.0 psi OPERATING 	PRESSURE 	:117.0 psi 
Fe ib)yz Fe ( 1 bV F. (b) 
vet. acc. F 6 y vet. 0CC. F6 vet. 0cc. F6 ç15 V v Vps b v 
rn/s rn/s 2 H rn/s m/s H rn/s rn/s 2 H M' 1 . 1' M' L'T' M° Lo To Mo L'T' H' Lo T* P4° 1° To 
(x 101 (x 10) (x IO) (x 10) 
2.61 144.46 191 107.3 2.059 2.71 164.5E 14 3.5 2.367 2.34 195.79 -91 - - 
4.49 125.13 320 207.6 1.114 4.76 143.52 269 77.9 1.258 4.74 151.07 222 35.3 1.420 
5.66 111.35 329 239.8 0.834 6.03 128.81 296 95.5 0.941 6.01 120.82 309 61.5 1.002 
6.52 100.02 318 258.1 0.686 6.96 116.75 318 113.2 0.776 6.85 95.99 369 92.5 0.783 
7.21 90.01 322 290.4 0.588 7.73 105.84 307 120.5 0.665 7.44 73.48 379 20.0 0.631 
7.78 80.67 339 341.1 0.516 8.35 96.06 340 147.1 0.587 7.85 52.27 418 92.3 0.504 
OPERATING 	PRESSURE 	= 102.0 psi OPERATING PRESSURE 	= 	117.0 psi OPERATINGPRESSURE  
2.33 174.19 245 114.2 2.533 2.95 186.56 	98 21.8 2.315 
4.55 133.95 396 240.0 1.138 5.01 145.43 374 106.9 1.204 
5.71 107.11 414 313.7 0.811 6.18 115.70 397 142.6 0.870 
6.49 84.07 410 395.9 0.632 6.95 91.0( 	396 180.8 0.686 
7.04 63.49 385 492.2 0.506 7.51 67.6 408 250.7 0.548 
7.41 44.24 389 713.7 0.401 7.88 46.3 	369 330.6 0.432 
OPERATING PRESSURE : OPERATING 	PRESSURE 	:  OPERATING 	PRESSURE  
-.1 
0 
ThI cd (hi 
1/2 	crack 	opening 	angle, 	0 = 	5.18 0  
DEPTH 	OF 	BURIAL , 	b 0.10 m DEPTH 	OF 	BURIAL , b : 0.15 m 
OPERATING 	.PRESSURE 	= 85.0 psi OPERATING 	PRESSURE 	:89.0 psi 









rn/s rn/s 2 N rn/s rn/s 2 N H'L'T° 
(x 10) 
M'L'T' M'LT 
(x 101  
H°L'T' 
2.72 149.62 121 525.1 1.422 2.56 134.08 343 492.2. 1.752 
4.41 120.43 122 657.8 0.787 4.14 103.32 363 676.0 0.951 




















6.63 64.82 74 741.3 0.384 6.04 43.44 354 1567.9 0.423 
7.01 49.57 47 615.7 0.318 6.29 26.57 330 2389.6 0.317 
OPERATING 	PRESSURE 	: 93.0 psi OPERATINGPRESSURE 	98.0 psi 
2.85 161.49 111 446.3 1.410 2.74 151.27 352 447.7 1.738 
4.60 132.97 126 615.3 0.793 4.43 119.39 389 626.9 0.955 




















7.02 78.39 91 753.8 0.399 6.56 58.04 429 1422.1 0.450 
7.46 63.45 77 788.0 0.338 6.89 41.07 404 1892.6 0.360 
OPERATING 	PRESSURE 	= 104.0 psi OPERATING 	PRESSURE 	: 111.0 psi 
2.96 175.36 231 855.4 1.415 2.80 175.22 482 529.3 1.831 
4.80 144.55 236 1060.2 0.792 4.65 135.05 506 720.9 0.968 




















7.33 86.12 209 1575.9 0.400 6.86 57.91 534 1774.2 0.430 
7.79 
1 	
70.27 183 1691.1 0.340 7.16 36.32 519 749.3 0.326 
T&I 	cAlh'lIfflflt 
1/2 	crack 	opening 	angle , 	0 = 5.18° 
DEPTH 	OF 	BURIAL , 	b : 0.20 m DEPTH 	OF 	BURIAL , 	b : 0.25 m DEPTH 	OF 	BURIAL , 	b : 	0.30 rn 
OPERATING 	PRESSURE 	: 90.0 psi OPERATING 	PRESSURE 	:90.5 psi OPERATING 	PRESSURE 	=91.5 psi 
vel. acc. F 
F€ (b)Y 
y veL. (ICC. Fs 
F (b)Ya 




V p6b 3 Vr, b 3 v 











2.45 129.20 484 304.1 2.075 2.40 106.12 602 235.8 2.146 2.37 92.16 671 175.1 2.219 
3.98 92.27 501 440.7 1.079 3.71 73.46 596 337.2 1.155 3.52 59.99 724 290.3 1.205 
4.78 65.15 634 789.9 0.755 4.38 48.69 753 642.7 0.797 4.08 34.96 881 606.1 0.794 
5.26 41.23 669 1317.0 0.546 4.75 26.79 800 1241.0 0.545 4.33 12.48 929 1790.3 0.447 
5.51 19.02 656 2799.5 0.354 4.90 5.79 799 5734.9 0.246 4.34 -9.82 871 - - 
5.58 -2.56 596 - - 4.86 •14.68 767 - - 4.12 -32.13 843 - - 
OPERATING 	PRESSURE 	: 101.5 psi OPERATING 	PRESSURE 	= 	102.0 psi OPERATING 	PRESSURE 	=103.0 psi 
2.83 122.08 649 431.5 1.746 .86 98.03 769 326.0 1.731 2.58 106.69 775 174.7 2.193 
4.19 92.78 620 542.4 1.028 .99 
[4.70 
76.38 710 386.3 1.095 3.83 73.75 770 251.1 1.228 
4.99 69.96 744 863.2 0.750 58.63 837 593.3 0.815 4.49 48.04 929 465.1 0.846 
5.50 50.29 740 1194.4 0.577 .16 43.56 854 814.8 0.640 4.84 25.37 1053 998.2 0.570 
5.83 31.92 689 1752.0 0.433 5.46 29.44 839 1184.4 0.497 4.97 3.47 1039 1201.1 0.205 
6.00 14.29 636 3612.6 0.282 5.65 15.72 823 2175.7 0.351 4.91 -18.05 993 - - 
OPERATING 	PRESSURE 	:111 .5psi OPERATING 	PRESSURE 	= 	110.0psi OPERATING PRESSURE 	=112.5 	psi 
2.87 146.26 673 373.5 1.884 2.69 135.77 825 252.5 2.166 2.44 128.12 836 156.9 2.541 
4.46 114.68 619 438.1 1.074 4.20 96.97 787 337.3 1.172 3.94 88.18 905 246.8 1.305 
5.40 90.98 729 650.4 0.790 4.99 67.99 983 600.9 0.826 4.70 58.56 1058 434.5 0.892 
6.03 70.81 757 867.7 0.624 5.47 42.35 1022 1002.9 0.595 5.12 32.38 1143 849.0 0.609 
6.47 51.89 722 1129.4 0.498 5.71 18.16 983 2249.6 0.373 5.29 7.57 1135 k05.9 0.285 
6.76 34.42 683 1610.6 0.388 5.76 -5.09 927 - - 5.25 
1
-16.77 1 1065 - - 
Table 5.4 (c) 
1/2 	crack 	opening 	angle, 	0 = 	8.03° 
DEPTH 	OF 	BURIAL 	b 	0.10 m DEPTH 	OF 	BURIAL , b 	0.15 m 
OPERATING 	PRESSURE 	89.0 psi OPERATING 	PRESSURE 	84.0 psi 
FE (Vb)'a F€ (b) 
vel. 0cc. F y vet. UCC. 16 5b' V 
rn/s rn/s 2 N rn/s rn/st N H'L'T° M1'T' MOLT' t40LaT0 
(x 10) (x 10) 
2.84 152.13 150 640.3 1.373 2.81 126.5 47 71.5 1.550 
4.50 119.81 246 1333.3 0.769 4.25 101.4 128 242.8 0.918 
1 st 	run 5.47 95.99 279 1887.4 0.566 5.13 82.52 106 247.1 0.686 
6.13 75.36 291 2507.4 0.448 5.75 65.9 125 364.5 0.547 
6.60 56.64 284 3255.9 0.361 6.18 51.21 125 k69.6 0.448 
6.91 38.98 260 4331.2 0.286 6.50 37.01 124 643.8 0.363 
OPERATING 	PRESSURE 	100.0 psi OPERATING 	PRESSURE 	99.0 psi 
3.05 172.80 183 687.7 1.363 3.04 145.6: 203 268.1 1.538 
4.80 136.31 272 1295.7 0.769 4..60 122.7: 295 462.3 0.933 
2 nd 	run 5.84 109.32 282 1675.1 0.566 5.61 105.52 270 492.3 0.709 
6.55 85.92 285 2153.9 0.448 6.35 90.7E 255 540.5 0.581 
7.04 64.84 282 2824.1 0.362 6.92 77.61 251 622.3 0.493 
7.39 44.78 263 3813.7 0.286 7.37 65.2 1 232 684.5 0.424 
OPERATING 	PRESSURE 	= 110.0 psi OPERATING 	PRESSURE 	116.0 psi 
3.49 163.17 293 1166.0 1.157 2.93 186.0: 286 295.8 1.803 
5.05 136.11 348 1660.2 0.731 4.85 149.5E 405 520.9 0.977 
3 rd 	run 6.07 114.88 346 1955.7 0.558 5.98 123.32 369 575.7 0.719 
6.81 96.76 383 2570.3 0.457 6.78 100.6je 400 764.9 0.573 
7.36 80.51 356 2871.3 0.386 7.35 80.7: 410 977.1 0.473 
7.80 64.89 342 3422.4 0.327 7.70 61.61 434 1355.5 0.395 
ThhI c d lg-1 I rflflt 
1/2 	crack 	opening 	angle , 	9 8.03° 
DEPTH 	OF 	BURIAL , 	b 0.20 m DEPTH 	OF 	BURIAL 	b = 0.25 m DEPTH 	OF 	BURIAL , 	b 0.30 m 
OPERATING 	PRESSURE 	= 90.0 psi OPERATING 	PRESSURE 	= 100.0 psi OPERATING 	PRESSURE 	95.0 psi 
vel. ucc. F. 
F€ (VbP 
y vet. ncc. F6 
F6 
p5 b 3 
(b)Ya 
 vet. occ. F.
K. (b) 
V v 
rn/s rn/s 2 N rn/s m/s H rn/s rn/s 2 H H' L' T' 
(x 101 
H' L' T H° L' T' 
(x 10) 
H' L' T' 
( x 101 
14 6 Lo To 
(x 101 
14° I.' T° 
2.76 105.98 414 317.1 1.668 2.54 122.12 511 173.9 2.175 2.61 87.83 545 149.2 1.967 
4.00 81.25 554 553.4 1.008 3.97 88.67 774 362.8 1.186 3.68 62.45 851 327.7 1.176 
4.73 62.05 563 736.5 0.745 4.76 63.28 766 503.1 0.836 4.27 42.23 847 482.4 0.834 
5.22 45.10 552 993.5 0.575 5.23 41.24 735 740.7 0.614 4.60 24.16 809 805.3 0.585 
5.53 29.50 539 1483.1 0.439 5.48 20.76 747 11495.4 0.416 4.75 6.94 769 2664.9 0.304 
5.71 1 	14.50 555 3106.8 0.298 5.57 1 	0.68 743 95408.7 0.074 4.74 1 -9.99 743 - - 
OPERATING 	PRESSURE 	= 	101.0 psi OPERATING 	PRESSURE 	= 	110.0 psi OPERATING 	PRESSURE 	= 105.0 psi 
2.73 135.32 519 311.3 1.906 2.78 124.93 640 212.9 2.010 2.95 72.96 755 248.9 1.586 
4.25 102.64 721 570.2 1.066 4.19 94.68 912 400.3 1.161 3.81 59.86 1036 416.2 1.112 
5.12 77.97 741 771.4 0.771 5.00 71.80 883 511.1 0.847 4.43 48.07 1090 545.3 0.857 































OPERATING 	PRESSURE 	= 110.0psi OPERATING 	PRESSURE 	= 	118.npci OPERATING 	PRESSURE 	115.0 psi 
2.90 136.68 637 378.3 1.803 3.13 133.43 638 198.7 1.845 3.08 88.07 874 238.7 1.669 
4.38 106.47 803 612.2 1.054 4.53 107.30 916 354.8 1.143 4.06 71.09 1134 383.6 1.137 
5.27 83.56 789 766.4 0.776 5.41 87.25 897 427.3 0.863 4.74 56.33 1194 509.8 0.867 
5.86 63.61 740 944.3 0.609 6.03 69.52 813 486.0 0.691 5.18 44.13 1135 618.6 0.702 
6.26 45.44 732 1307.5 0.482 6.47 53.58 785 608.9 0.566 5.50 32.58 1092 806.1 0.568 
6.52 28.05 722 2809.3 0.363 6.78 38.36 801 867.8 0.457 5.72 21.26 1070 1210.4 0.442 
2.93 152.11 107 456.8 1.331 
4.58 125.80 116 598.8 0.774 
1st 	run 5.61 106.07 112 685.7 0.581 
6.34 89.53 101 732.5 0.472 
6.90 74.41 72 628.3 0.395 
7.32 60.36 71 763.8 0.336 
OPERATING 	PRESSURE 	= 	100.0 DSi 
2.71 148.93 48 62.0 1.744 
4.38 116.41 86 142.1 0.954 
5.34 92.59 75 155.8 0.698 
6.00 72.08 87 232.2 0.548 
6.45 53.43 96 345.7 0.439 
6.75 35.82 102 547.9 0.343 
OPERATING 	PRESSURE 	= 100.0 In  
-.1 
Table 5.4 (d) 
1/2 crack opening angle, 0 = 9.87° 
DEPTH OF BURIAL , b 	OiO m 
OPERATING PRESSURE 	91.0 psi 
F 	(Vb)y 
vel. 	acc. 	F6 	 V 
rn/s 	rn/s 2 	N 	H'L'T° M'L'T' 
(x1O) 
DEPTH OF BURIAL . b = 0.15 m 
OPERATING PRESSURE 	91.0 psi 
F6 	(b) Y2 
vet. 	acc. 	Fr. 	'p5b' V 
rn/s 	mIsz N 	MOL'T' MOLT' 
(x 1O) 
3.00 176.61 Ii 40.4 1.401 2.93 155.52 140 173.2 1.648 
4.83 143.08 51 231.5 0.783 4.60 126.22 155 236.3 0.946 
2 nd 	run 5.91 118.93 40 218.4 0.584 5.62 10.44 155 285.5 0.704 
6.70 97.81 54 358.5 0.467 6.33 86.02 148 331.0 0.567 
7.26 79.05 78 640.7 0.387 6.86 68.98 154 429.5 0.469 
7.68 61.45 84 887.6 0.323 7.25 53.331 156 562.8 0.390 
OPERATING PRESSURE = 112.0 psi 
I 	2.96 	1205.21 I -3 - I 	- 
15.03 	1166.34 I 	63 I 245.9 0.811 
3rd 	run I 	6.25 1138.37 I 75 I 352.0 I 0.595 
17.10 1114.86 I 	64 361.8 I 0.477 
I 	7.72 I 93.87 I 77 I 532.7 I 0.397 
I 8.20 174.00 I 	73 I 640.6 I 0.332 
OPERATING 	PRESSURE 	= 111.0 psi 
2.98 174.50 71 78.3 1.717 
4.81 144.57 117 155.7 0.968 
5.93 122.59 118 185.2 0.723 
6.73 104.16 141 260.5 0.587 
7.34 87.40 146 321.4 0.493 
7.81 71.90 133 355.9 0.420 
TahI Sd (dl I cant.) 
I2 crack 	opening 	angle 	9 9.87 0 
DEPTH 	OF 	BURIAL • 	b 0.20 rn DEPTH 	OF 	BURIAL , 	b 0.25 m DEPTH 	OF 	BURIAL 	b L 	0.30 m 






















V c,5 b' Vf, b 3 y 
M'L'T' 
(x 10) 
M'L'T MOL- T 
(x 10) 
M'L°T' 
(x 101 1 M°1T' (x 101 M'L°T° 
-s 
-1 
2.53 140.43 76 43.9 2.095 
4.15 104.34 181 140.8 1.101 
5.04 77.81 190 198.2 0.783 
5.60 54.97 207 305.7 0.592 
5.95 33.87 191 457.7 0.437 
6.12 1 	13.65 1 	188 117.9 1 0.270 
OPERATING 	PRESSURE 	= 103.5 psi 
2.53*1114.411 305 1110.8 12.114 
3.90 83.30 369 184.1 1.170 
4.65 59.73 403 280.4 0.831 
5.10 39.04 340 361.9 0.613 
5.35 19.78 350 735.4 0.416 
5.44 1.07 359 13943.4 0.095 
OPERATING 	PRESSURE 	= 	102.0 psi 
2.30 99.56 299 72.2 2.376 
3.58 68.55 513 180.0 1.267 
4.23 45.08 547 291.8 0.869 
4.58 24.23 500 496.3 0.589 
4.72 4.37 481 2647.2 0.243 
4.67 -15.16 476. - - 
OPERATING 	PRESSURE 	= 	101.0 psi 
2.74 155.40 135 70.5 2.035 2.64 139.12 239 71.4 2.234 2.67 113.30 451 95.7 2.184 
4.47 123.41 246 161.8 1.111 4.21 102.71 419 169.5 1.204 3.98 82.28 575 168.1 1.248 
5.47 100.29 249 201.5 0.819 5.07 75.50 430 236.7 0.857 4.70 58.65 624 255.9 0.892 
6.17 80.25 260 263.0 0.649 5.61 52.11 403 321.4 0.643 5.14 37.60 547 349.9 0.653 
6.67 62.29 267 347.9 0.529 5.93 30.07 404 558.4 0.462 5.38 17.84 543 732.0 0.430 
7.02 45.35 257 460.0 0.429 6.07 9.151 417 1894.0 0.249 5.45 -1.18 537 - - 
OPERATING 	PRESSURE = 110.0 OSi 
2.87 173.75 202 94.4 2.054 
4.68 132.21 288 176.8 1.099 
5.68 102.17 290 230.4 0.796 
6.35 75.77 300 321.4 0.613 
6.79 51.90 304 475.4 0.474 
7.05 29.15 336 935.6 0.342 
OPERATING 	PRESSURE 	110.0 psi 
2.65 152.88 300 81.6 2.333 
4.33 112.30 474 175.4 1.224 
5.25 82.44 491 247.5 0.865 
5.81 56.65 469 344.1 0.648 
6.14 32.65 504 641.5 0.465 
6.30 9.67 521 '?239.1 0.247 
OPERATING PRESSURE 	= 109.5 psi 
2.70 127.88 406 76.4 2.294 
4.13 91.50 601 158.0 1.269 
4.90 64.04 643 241.5 0.895 
5.36 39.48 633 385.6 0.642 
5.59 16.71 635 913.9 0.401 
5.63 I -5.621 592 
-1 
I 
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The effect of depth of burial. b 
The significance of b on the flap restraining force can 
be demonstrated by using the functional relationship between { F / 
V p b3 } and { ( Vb )1/2 / v }; from which the "adjusted' FE can 
be isolated and plotted against depth of burial. 
Figures 5.4 (e), 5.4 (f), 5.4 (g) and 5.4 (h) depict the 
typical relationship between the "adjusted" FE and depth of burial: 
for a range of velocities at a common acceleration of 50 m / 
For 	example, 	the 2nd 	point 	in 	Figure 	5.4 (f) 	was 
calculated 	by 	first evaluating 	{ C 	Vb 	
)12 	
/ 	V }; 	with 	V 	= 	5 m / s, 	V 
50 	m / 	s 
2 
 and 	b 	= 	0.15 m. The "adjusted" { 	FE / 	v g b3 	} was 
then 	evaluated 	from 	the 	best second 	order hyperbola 	of Figure 	5.4 
(b)-Z which then enabled 	the "adjusted" 	FE to be calculated. 
The range of V and V used in Figures 5.4 (e), 5.4 (f), 5.4 
(g) and 5.4 (h) to highlight the significance of b was chosen to be 
within the range of the experimental values. This is also true of 
subsequent graphs in this section. 
With the exception of Figure 5.4 (e) C 8 = 3.98 0  ), the 
effect of b on FE is rather pronounced and appears to suggest a 
definite increase in backfill restraint with increasing depth of burial; 
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The effect of crack propagation velocity. V 
In addition to highlighting the significance of b on FE. 
the curves of Figures 5.4 (1), 5.4 (j), 5.4 (k) and 5.4 (I) also suggest 
that FE AV With a - few poor exceptions, the coefficient, A, 
appears to increase with depth of burial and velocity whilst the 
exponent, B. appears to be less than quadratic. 
In the derived expression for FE. based on assumptions 
made in the Italian theory, the significance of V is quadratic for all 
depths of burial. 
The effect of crack propagation acceleration, V 
To accentuate this significance, the adjusted FE was 
plotted against acceleration for a range of velocities at various 
depths of burial. This is depicted in Figures 5.4 (m), 5.4 (n), 5.4 (0) 
0 	 0 	 0 	 0 
and 5.4 (p) for 8 = 3.98 , 5.18 • 8.03 and 9.87 respectively. 
The nature of these graphs at any particular velocity 
points to a linear relationship between FE and V over the range 
plotted, but the increase in FE is small ( i.e. FE  is. only weakly 
dependent on V ). 
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The effect of 1/2 crack angle, 8 
This aspect of the experimental results was least 
expected from this research. The derived FE. based on assumptions 
made in the Italian theory, predict F, in the main, to increase with 
increasing B. 
However, the experimental results shown in Figure 5.4 (q), 
2 
based on a common V of 50 m/s , proved otherwise. FE for 8 = 
8.03 ° are, on the whole, smaller than those for 8 = 5.18 0 and those 
for 8 = 9.87 0 are even smaller. ( It is considered better not to draw 
any inference from 8 = 3.98 0 results as they are generally poor ). 
There may be some explanation for this rather unexpected 
result. 	This will be discussed in Section 5.6. 
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5.5 Comparison of experimental results with theoretical estimates 
As stated earlier five depths of burial were used for 
each flared tail section. In each case three test runs were 
performed and from each of these six values of FE(expt) obtained. 
Theoretical estimates based on the appropriate values of 
b, V. V and 8 were calculated from the expression derived in Section 
5.2. 
This was performed for the flared tail sections having 8 
= 5.18° , 8.03
0 
 and 9.87 0 . 
A simple direct comparison is adequate and hence the 
evaluation of the ratios FE(expt) / F E (Italian theory). These ratios 
were grouped together according to their depth of burial as depicted 
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5.6 Discussion of results 
The first noticeable item to surface from Figures 5.5 (a), 
5.5 (b) and 5.5 (c) is the immensely large ratios of 
F E ( exPt ) / 
F E (Italian theory). It therefore appears that the Italian theory has 
severely underestimated the restraining effect of the backfill. 
	
Indeed two 	inadequacies can be pointed out in the 
Italian theory, both of which may have contributed to this rather 
unacceptable discrepancy between the experimental and the theoretical 
results. 
1st Inadequacy: Omission of pipe - soil friction 
The inclusion of pipe - soil friction into the Italian 
theory will greatly narrow the difference between the theoretical and 
the experimental results. This, however, is still inadequate for the 
theory to be used as a reasonable estimate of the restraint provided 
by the backfill. 
If pipe - soil friction is included in the theory 
Appendix 4 ), the pressure f exerted by the pipe wall on the 
surrounding backfill is: 
* 
p g(  cos 	+r sin 	 )I+p I  
S 	 S 
Equation (e) 
This compares with 
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* 
f=g g(cos 	+r sin 	)l+g lv 
S 	 S 
[.1 - r tan ( cx  
Equation (f) 
if pipe - soil friction is neglected. 
The denominator in Equation (e) is smaller than that of 
Equation (f). Hence higher pipe wall pressures on the backfill are 
evaluated. 
In both equations, there are limiting values of 0 if f is 
to remain positive. In the original case where pipe - soil friction is 
neglected, 
1 1 - r tan ( cx - 0 ) ] 	> 	0 
If cx is taken at a maximum value of ir/2, 
1 	- 	r/tan 0 	> 	0 
or 	 tan 	 >r 
If r = tan p,  then 
) 	(p 
where: 
angle of internal friction of the soil. 
The angle of internal friction of the sand used in the 
experiments is 370 ( Appendix 1 ) and the Italian theory had assumed 
to be about 45 0 . 
Now if friction between the opened pipe flaps and the 
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backfill is considered, the limiting value of 9 is much narrower. 
[1-r tan (ct-)-r tan 6- tan 5 tan (cz-)]>O 
If a is again taken to a maximum value of ir/2, 
	
r 	 r tan S 	tan 	> 	0 
tan 	 tan 
This yields 
tan P 	) 	r + tan 6 
1 - r tan 6 
or 	 tan- 	r + tan 5 
- r tan 6 
r, the coefficient of friction between the slices, can be 
taken as tan p and 6, the pipe - sand friction angle, is approximately 
35 
The limiting value of 0 is thus: 
tan - 	37 0 + tan 350 
1 - tan 37 0 tan 350 
) 	72° 
Any attempt to substitute 13 < 720 will yield negative 
pipe wall pressures on the surrounding backfill. 
Appendix 4 also re - evaluates the new theoretical soil 
restraints, taking pipe - soil friction into consideration, and then 
compares them with the experimental values. 
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The new ratios of FE / FE(Italian theory) improved 
significantly. The answers for 8 = 9.87 0 are quite good but those of 
8 = 5.18° and 8 = 8.03 0 are still not quite acceptable. The reason 
may lie in the 2nd inadequacy of the theory. 
2nd Inadequacy: Inadequate backfill failure model 
The Italian theory is essentially a 2 - dimensional theory: 
where failure of the backfill is "assumed and simplified" as 2 - 
dimensional slices of infinitesimal thickness inclining at angle 13 to the 
vertical pipe axis. 
During an actual pipe crack propagation, as well as during 
our tests, failure of the surrounding backfill is more likely to be 
normal everywhere to the deformed flap surfaces. And since the 
deformed flap geometry is 3 - dimensional, the failure mechanism of 
the backfill must therefore follow a 3 - dimensional pattern; 
accompanied by component forces in the 3rd dimension, i.e. in the 
direction of the longitudinal pipe axis. 
These forces are unfortunately unquantifiable; given the 
lack of knowledge on the actual failure mechanism of the backfill. 
In the theory, such forces are non - existent. 	This 
amounts to "over - idealising" the displacement of the backfill as 
"smooth" slices normal to the pipe axis ( Figure 5.6 (a) ) whereas the 
actual phenomenon is more likely to be a "ploughing" type displacement 
of the backfill ( Figure 5,6 (b) ). 
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The sum of these component forces in the direction of 
the pipe is likely to be substantial depending on the size of the 
"displacement" zone. ( Given the high velocities of ductile pipe crack 
propagation, in both full - scale tests and our model tests, the 
displacement zones may even be turbulent ). 
As mentioned earlier, the new ratios of FE(expt) / 
F E (Italian theory) for 8 = 9.87 ° are good whilst those of 8. = 5.18 0 
and 9 = 8.03 0 , though improved significantly, are still not acceptable 
If 8 is small, the displacement zones are large ( Figure 5.6 (c) ). A 
large displacement zone probably harbours a larger sum of these 
unknown component forces; which manifests as some unknown 
proportion of the discrepancy between the theoretical estimates and 
the experimental results. 
1< 
Figure 5.6 (c) 
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Conclusions and Suggestions for Future Research Work 
6.0 Conclusions 
From the experimental results of this research it is 
certain that the effects of backfill, in inhibiting ductile crack 
propagation in pressurised pipelines, are significant; and must 
therefore enter into the equation of the phenomenon. 
What is, however, less evident is its failure mechanism. 
This failure mechanism is possibly variable and is most certainly 
influenced by some if not all of the physical variables. The 
assumption, made in the Italian theory, that failure occurs as 2 - 
dimensional slices of infinitesimal thickness inclining at some angle 13 to 
the vertical pipe axis is most likely to be over - simplified. The use 
of this theory has failed to predict the results of the tests; even 
when it has been partially rectified to include pipe - soil friction. 
The technique of "Dimensional Analysis' adopted has been 
most useful. It has very successfully enabled the exclusive effect of 
the depth of burial, velocity, acceleration and 1/2 crack angle to be 
demonstrated and some conclusions made with respect to them. 
Indeed it was not apparent how velocity and acceleration would each 
influence the restraining effects of the backfill from the results in 
Tables 5.4 (a), 5.4 (b), 5.4 (C) and 5.4 (d). This was beöause their 
combined effects seemed to cancel out each other owing to the 
motion of the piston ( V decreases as V increases ). 
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6.1 Suggestions for future research work 
This research work has been carried out under ideal 
conditions where a homogeneous, cohesionless medium of rigid particles 
was used. The fractured pipe geometry was simplified and reproduced; 
and yet the failure mechanism was concluded to be too complex to be 
described by a 2 - dimensional mathematical model. 
Obviously the real behaviour of the ground is much more 
complex where the backfill may be non - homogeneous and cohesive. 
Also, the state of consolidation of the backfill and the presence of 
ground water, or even frost, will no doubt add to that complexity. 
For such reasons, it is felt that the developement of a 
new and more realistic mathematical model to describe the failure 
mechanism of real backfill could well prove to be a very difficult 
task. Future research work should instead be modelled along an 
empirical line relying on the technique of dimensional analysis; which 
has proved to be successful in this investigation. 
An immediate follow - up to this research could be the 
use of larger size model pipes ( perhaps in the region of 8 to 12 
inches ) incorporating initially a cohesionless medium. The results from 
such investigations, together with those from this research work, may 
make an extrapolation to full scale tests possible. 
Model pipes faithfully reproduced from actual full 	scale 
fractured pipes should also be contemplated. Results can then be 
compared with those having their fractured pipe geometry simplified. 
In the event of a significant discrepancy, a completely new crack 
geometry may then have to be considered in the mathematical 
treatment. 
A considerable amount of time has been spent in this 
research in developing the technique of pulling buried model pipes 
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through soil and in the subsequent evaluation of the velocity and 
acceleration profiles. This should prove very useful for such future 
research work. 
In 	view of 	the theoretical 	finding ( 	 Appendix 	4 	) 	 that 
inclusion 	of 	friction between soil 	and 	pipe walls leads 	to a larger zone 
of soil 	disturbance, a wider test box should be used 	in future tests. 
The success of either a mathematical model or an 
empirical model could mean lower pipe toughness requirements; with a 




- Model pipe assembly showing ( L. to R. ) tail section. 
coupling and load - cell in front section of pipe 
Plate 2 
- Array of six photo - cell detectors and torch 
mounted ahead of front section of pipe 
Plate 3 
- General view of apparatus showing part of sand - filled 
box, front section of pipe and air cylinder 
Plate 4 
- Four short tail sections - one unflared and three flared 
Plate 5 
- Detail of tj - shaped steel bracing and 
lightweight polystyrene filling 
Plate 6 
- Terram fabric at front end of sand box 
Plate 7 
- High speed ( 64 f.p.s. ) photography showing sand 


































To determine the angle of shearing resistance of the Leighton Buzzard 
sand used ( Gardside 21 
Mass of platten and ball - bearing = 0.362 kg 
Mass of hanger 	 = 6.035 kg 
E 	= 	6.397 kg 




( 	 KN/m 2 	 ) 
Dial 	gauge 
C 	div 	) 
Shear stress 
( KN/m 
8.40 22.88 35 15.58 
11.40 31.06 52 23.14 
13.40 36.51 60 26.81 
15.93 42.69 69 30.71 
From which the angle of shearing resistance tp = 37.3 ° ( Figure 
Al (a) ). 
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Appendix 2 
To determine the mass density of the Leighton Buzzard sand used 
Gardside 21 
Average mass of 3 samples = 1.459 kg 
1st sample = 1.450 kg 
2nd sample = 1.477 kg 
3rd sample = 1.450 kg 
Volume of mould = 0.00094597 m 3 
Diameter = 101.6 mm 
Height 	= 116.7 mm 





Bulk density quoted by George Gardside ( Sand ) Limited was 
1560 kg/m 3 . 
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Appendix 3 
To estimate approximately the mean frictional resistance on the 
periphery Of the unflared model pipe section. Ff 
L 
mass density of sand 15 = 1540 kg /m3 
pipe-sand friction angle b = 350 
friction angle of sand 	1) = 370 
diameter of pipe = 101.6 mm 
length of pip. = 750 mm 
Consider the pipe buried to a depth b referred to its axis. 
Average normal soil pressure on the pipe 
normal pressure on the pipe at P 
g g  
5 






= tan ö 
A 	= surface area of pipe 
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This gives results for various depths of burial as shown in 
the following table. 








Inclusion of pipe - soil friction into the Italian theory 
Figure A4 (a) 
Figure A4 (a) shows a portion of soil ABCD and the forces 
acting on it. Without f, which represents the pipe - soil friction, 
the above figure is similiar to Figure 3.3 M. 
Resolving in the direction of the shear plane. 
F Cos  (a_)_fr  sin  (a_)_R_QCos 
CC R 
_f,Qlv* Cos (ct_)dfl=O 	' (a) 
In the direction perpendicular to movement, 
F sin (_)+fr Cos ( a_ ) _N + Q 	sin 	=O 	(b) 
As in Section 3.3, r, the coefficient of friction between 
the slices can be taken as: 
r = tan ( 
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Now, -  F, the pipe - soil friction, can be taken as: 
	
f 	F tan ö r 
where: 
ö = pipe - soil friction angle 
Using the same substitutions as in Section 3.3, the 
pressure f exerted by the pipe wall on the surrounding back-Fill is: 
Qg( cos 	+r sin 	)l+gl,* 
[1-r tan (c-)-r tan 6-  tan ó tan (ct-)] 
With the above expression for f, it can be shown that 
the total flap restraining force, taking pipe - soil friction into 
consideration, is now: 
F =g gR3 	b C13 _C14 ) 
Es 	
( 
+ g R 3 V tan 8 	b C 	C 15 - 	16 
(- 




C 13 = 2 JJ(cos 	+ rsin 	 dcx 
C ... ) 








I ... ] cx sin a cos ( cx - 
XX 	 2 
C 	=2ff 1 	
dpdcx 
16 0 0 A 
I ... ] cc sin ct cos ( cx - J3 
cc cc 
C i7 =2Jofo ( 1 +2P tan  (a .. f3 )_cP/cx_(P cot cx)(pIdq)dcx 
2 	2 C ... ] a sin a cos C cx - 
C 	2fo.f( 1 +2p tan (af3)-cp/cx-p cot cx)cpIcJpdcx 18 65 0 
2 	.2 
	
I ... ] cx sin 	cx cos C cx - 
[ ... ]=C1-r tan (cx-)-r tan ö- tan ö tan (cx-)] 
b and I 
A 
 are as in Section 5.2. 
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The charts for C 13 to C18 in Figure A4 (b) are based on 
6 35° , (p = 37° and & 900. Unlike those of Figure 3.3 Ci) and 
Figure 5.2 (b), the coefficients are now plotted against P. 
For the same reason as those of C 7 to C 12 , the lower 
limit of all the outer integrals should be zero. 
This, 	however, was 	only possible for 	C 13 	to 	C 16 . The 
charts 	for 	C 17 	and 	C 18 	in Figure 	A4 (b) 	had been approximated using 
65 ° 	as 	the 	lower 	limit 	Of the outer integral. The 	negative values 	of 
C 17 	and 	C 18 , 	for 	a 	< 	65 0 , are 	not considered in 	the 	evaluations. This 
is 	certain 	to 	induce 	some 	degree of 	error whose 	quantity, it 	is 
hoped, is not too significant. 
The charts for C 13 to C16 indicate minimum values of the 
coefficients where 0 is approximately 82° . The charts for C 17 and 
C , however, do not indicate such a trend. 
As the failure of the surrounding backfill in the tests is 
essentially a passive failure type, it is justified to use 	82 0 in the 
re - evaluation of the theoretical soil retraints. 	These are then 
compared with the experimental values. 
The new ratios of FE(expt) / FE(Italian theory) are 
depicted in Figure A4 (C), A4 (d) and A4 (e). for 8 5.18 ° , 8.03
0 
 and 
9.87 ° respectively. 
In re - evaluating the new theoretical soil restraints, the 
mean frictional resistances, F f . on the periphery of the flared tail 
sections ( Table 5.3.2 ) at various depths of burial was reduced 
accordingly. 
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For example, the mean frictional resistance on a flared 
tail section buried to 0.20 m depth is now, 
506 x A 	 - A 	 Newtons = 
[ 	unflared section




area of unflared tail section 
A 
flaps 
= area of the 2 flaps of the flared section 
241 
PG 
30 	 30 	 04 	 Be 
PG 
30 	 30 	 04 	 30 
' P. 
30 	 30 	 84 	 30 
70 	 80 	 30 	 84 	 88 






























94 	 94 	 94 	 94 














Plot of F1 ( expi. ) / F1 ( Ifrol ion theory ) 
For 8 = 5. 180  (pipe-soil Fri ci- ion considered) 
0 	- 	lation saw 







0 	 0 
8 8 
o a 
• a 8 
o 
8 
o 0 § o 
a 
e 	8 
• 8 0 a 
0 
I 	I 
50 	 100 	 150 	 - 	 500 
	
350 
Oeplh oP burial, b t mm 
















P/al- of' F, ( expt. ) / F, ( Il-a lion theory ) 








8 8 0 





o 8 	0 








0 	 50 
	
100 	150 	20 	250 	300 
	
350 
Dept-h oP burial, b t mm I 















Plot of' F1 (expt. ) / F1 ( Ito/ion theory ) 
For 8 = 9.87' pipe-soil Friction considered) 
- 	0 - pcquioifor, 29M 
0 




0 	 o 
I 	
I 106 ' 	15 	' 	 20O 	 25 	 3d0 	' 35( 
Depth oP burial, b t mm I 
Figure A4 (e) 
246 
Appendix 5 
A short note about the computer programs. P1 to P6 
Computer programs were written in Fortran to perform 
the following calculations: 
To calculate the static passive resistance offered by the backfill 
to a pipe wall opening up using Coulomb's Wedge Theory 
To evaluate and plot the coefficients, Cl to C6 
To evaluate the approximate behaviour of the air cylinder given 
various anticipated operating parameters 
To evaluate the typical relationship between distance travelled 
by the piston and time taken 
PS: A refined version of P4 to accomodate some of the unknown 
quantities present in the experiments 
P6: To evaluate and plot the coefficients, C7 to C12 
The listings for the above six programs, whilst not 




Ahlberg, Nilson & Walsh 
"The Theory of Splines and their Applications" 
Academic Press, 1967 
AISI Technical Report 
"Running Shear Fracture in Line Pipe" 
Subcommittee of Large Diameter Line Pipe Producers, Sept. 1974 
G. M. Alder 
"Gas Discharge Through Propagating Ductile Fractures in 
High - Pressure Pipelines" 
Research Report, Dept. of Mechanical Engineering, 
University of Edinburgh, 1974 
G. Alpa, E. Bozzo & L. Gambarotta 
"Ef-Fecto di conteniment del terreno nella propagazione della 
frattura iri gasdotti di grande diametro" 
Istituto di Scienza delle Construzioni della Facolta di 
Ingegneria dell Uriiversita di Genova, 1980 
G. Alpa, E. Bozzo & L. Gambarotta 
"A Theoretical Evaluation of the Backfill Effect in Fracture 
of Gas Pressurized Pipelines" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 106, pp 47 - 53, 1984 
G. Alpa, R. Baldacci, E. Bozzo, A. Corsanego & A. Del Grosso 
"Modello meccanio per la determinazione delle condizioni di 
arresto o propagazione della -Frattura nei gasdotti interrati" 
Contratto No. 004838 - 4/4/1978 
Universita di Genova - Centro Sperimentale Metallurgico, 1978 
248 
M. R. Baum 
"Blast waves generated by the rupture of gas pressurized 
ductile pipes" 
Trans. I Chem E., Vol. 57, pp 15 - 24, 1979 
M. R. Baum 
"The Relationship Between Breach Development and the 
Depressurization Transient During Axial Pipe Rupture of a 
Gas - Pressurized Steel Pipe" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 104. pp 20 - 24, 1982 
M. Bolton 
"A Guide to Soil Mechanics" 
MacMillian Press Limited, 1979 
F. Bonomo, M. Bramante, G. Alpa, E. Bozzo, A. Morrini 
& A. Pozzi 
"Survey and tentative revisal of ductile fracture arrest 
provision criteria in pipelines for gas transmission" 
Proc. mt. Conf. on Analytical and Experimental Fracture 
Mechanics, Rome, 1980 
F. Bonomo, M. Bramante & M. Spedaletti 
"Ductile fracture propagation in pipelines: Results of 
instrumental full - scale burst tests on 48" and 56" diameter 
pipes for gas transmission" 
Proc. mt. Conf, on Analytical and Experimental Fracture 
Mechanics, Rome, 1980 
M. Bramante, A. Podrini, A. Di Candia & A. Morini 
"Pipe Deformation during Ductile Fracture Propagation in 
Full - scale Tests" 




Yale University Press, 1949 
Capper & Cassie 
"The Mechanics of Engineering Soils" 
5th. Edition, E. & F. N. Spon Limited, 1969 
R. F. Craig 
"Soil Mechanics" 
2nd. Edition, Van Nostrand Reinhold Co., 1978 
I. 	F. Christie 
"Summary of Backfill Effects on Crack Propagation in Gas Pipelines" 
Report to British Gas,- University of Edinburgh, 1982 
Daniel & Wood 
"Fitting Equations to Data" 
Wiley - Interscience, 1971 
Duncan 
"Physical Similarity and Dimensional Analysis" 
Edward - Arnold, 1955 
H. C. van Elst 
"Criteria for Steady State Crack Extension in Gas Pipelines" 
Prospects of Fracture Mechanics, mt. Con-F. Proceedings, 
Del-Ft University, June, pp 299 - 318, 1974 
20, A. F. Emery, W. J. Love & A. S. Kobayashi 
"Fracture in Straight Pipes Under Large Deflection Conditions - 
Part 1 	Structural Deformations" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 99, pp 122 - 127, 1977 
250 
A. F. Emery, H. Pen, A. S. Kobayashi & W. J. Love 
"The Use of the Split Ring in Modelling Ductile Axial Crack 
Extension in Pipes" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 103. pp  151 - 154, 1981 
G. D. Fearnehough 
"Fracture Propagation Control in Gas Pipelines: A Survey of 
Relavant Studies" 
The mt. Journal of Pressure Vessels and Piping, 
Vol. 2, No. 4, pp 257 - 282, 1974 
G. D. Fearnehough & D. G. Jones 
"Toughness Specification for Shear Fracture Arrest in Pipelines" 
Proc. mt. Conf. on Analytical and Experimental Fracture 
Mechanics, Rome, 1980 
P. Franklin 
-Differential Equations for Engineers" 
Dover Publications Inc., New York, 1933 
L. B. Freund & D. H. Parks 
"Discussion - Steady - state Crack Propagation in Pressurised 
Pipelines Without Backfill" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 98, pp  323 - 325, 1976 
M. E. Harr 
"Foundations of Theoretical Soil Mechanics" 
McGraw - Hill Book Co., 1966 
D. R. P. Hettiaratchi & A. R. Reece 
"The Calculation of Passive Soil Resistance" 
Geotechnique, Vol. 26, pp  289 -310, 1974 
251 
D. R. P. Hettiaratchi & A. R. Reece 
"Boundary Wedges in two - dimensional Passive Soil Failure" 
Geotechnique, Vol. 25, pp  197 - 220, 1975 
Isaacson & Isaacson 
"Dimensional Methods in Engineering and Physics" 
Edward - Arnold, 1975 
K. D. Ives, A. K. Shoemaker & R. F. McCartney 
"Pipe Deformation During a Running Shear Fracture in Line Pipe" 
Trans. A S H E., J. Eng. Matis. and Technology, 
Vol. 96, pp  309 - 317, 1974 
H. F. Kanninen, S. G. Sampath & C. Popelar 
"Steady - state Crack Propagation in Pressurised Pipelines 
Without Backfill" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 98, Series 3, No. 1, 1976 
M. F. Kanninen & S. G. Sampath 
"Crack Propagation in Pressurised Pipelines" 
Trans. A S M E., J. Pressure Vessel Technology, 
Part 2, pp  971 - 980, 1973 
E. Kreyszig 
"Advanced Engineering Mathematics" 
4th. Edition, John Wiley & Sons, 1979 
I. K. Lee 
"Soil Mechanics - New Horizons" 
Newness - Butterworths, 1974 
252 
W. A. Maxey 
"Fracture Initiation, Propagation and Arrest" 
Proc. 5th. Amer. Gas. Assoc. Symp. on Line Pipe Research, 
Houston, 1976 
W. A. Maxey 
"Fracture Propagation Studies" 
Proc. 6th. Amer. Gas. Assoc. Symp. on Line Pipe Research, 
Houston, 1979 
W. A. Maxey, J. F. Kiefner, R. J. Eiber & A. R. Duffy 
"Ductile Fracture Initiation, Propagation and Arrest in 
Cylindrical Vessels" 
5th. National Symposium of Fracture Mechanics, 
University of Illinois, U S A., 1971 
W. A Maxey, R. J. Podlasek, R. J. Eiber & A. R. Duffy 
"Observations on Shear Fracture Propagation Behaviour" 
Int. Symposium on Crack Propagation in Pipelines, 
Newcastle - upon - Tyne, 1974 
H. Mimura 
"Some Consideration on the Condition of Crack Propagation 
in Gas Pipelines" 
16th, Japanese Congr. Matis. Res,, 1972 
W. A. Poynton 
"A Theoretical Analysis of Shear fracture Propagation 
in Backfilled Pipelines" 
Int. Symposium on Crack Propagation in Pipelines, 
Newcastle - upon - Tyne, 1974 
253 
W. A. Poynton & J. R. Christian 
"An Experimental Study of Shear Fracture Propagation 
using Small Models" 
Int. Symposium on Crack Propagation in Pipelines, 
Newcastle - upon - Tyne, 1974 
C. Popelar, A. R. Rosenfield & M. F. Kanninen 
"Steady - state Crack Propagation in Pressurised Pipelines" 
Trans. A S M E., J. Presssure Vessel Technology, 
Vol. 99, pp  112 - 121, 1977 
W. A. Poynton, R. W. E. Shannon & G. D. Fearnehough 
"The Design and Application Of Shear Propagation Studies" 
Trans. A S M E., J. Eng. Matis. and Technology, 
Vol. 96, pp 323 - 329, 1976 
I. S. Abou - Sayed & L. B. Freund 
"A Simple Model of Fluid - Structure Interaction During 
Crack Propagation in a Pressurised Pipeline" 
Proc. of the 8th. Southeastern Conf. on Theoretical and 
Applied Mechanics, Vol. 8, pp 161 - 174, 1976 
R. W. E. Shannon 
"The Failure Behaviour of Line Pipe Defects" 
Trans. A S M E., J. Pressure Vessel and Piping, 
Vol. 2, No. 4, pp 243 - 255, 1974 
R. W. E. Shannon & A. A. Wells 
"A Study of Ductile Crack Propagation in Gas pressurised 
Pipelines" 
Int. Symposium on Crack Propagation in Pipelines, 
Newcastle - upon - Tyne, 1976 
254 
A. K. Shoemaker & R. F. McCartney 
Displacement Consideration for a Ductile Propagating Fracture 
in Line Pipe" 
Trans. A S M E., J. Eng. Matls. and Technology. 
Vol. 96, pp  318 - 322, 1974 
A. K. Shoemaker & R. F. McCartney 
"Mechanical Crack - Arrestors Concepts for Line Pipe Applications" 
Proc. Int. Conf. on Materials Engineering in the Arctic, 
Quebec, 1977 
E. Sugie, H. Matsuoka, T. Akiyama, H. Mimura & Y. Kawaguchi 
"A Study of Shear Crack Propagation in Gas Pressurised Pipelines" 
Trans. A S M E., J. Pressure Vessel Technology, 
Vol. 106, pp  338 - 343, 1982 
V. V. Sokolovski 
"Statics of Soil Media" 
Butterworth Scientific Publications, 1960 
V. V. Sokolovski 
"Statics of Granular Media" 
Pergamon Press, 1965 
L. Sukije 
Rheological Aspects of Soil Mechanics" 
Wiley - Interscience, 1969 
P. A. Stark 
"Introduction to Numerical Methods" 
Macmillian Publishing Co. Inc., 1970 
D. B. Taylor 
Private Communication 
E.R.C.C., Edinburgh, 1984 
255 
K. Terzaghi 
"Theoretical Soil Mechanics" 
John - Wiley & Sons Inc., 1966 
T. H. Wu 
Soil Mechanics" 
2nd. Edition, 
Allyn and Bacon Inc., 1977 
256 
